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I.  TECHNICAL  SUMMARY 

When  a  ciack  propagates  thiough  a  material,  a  number  of  elemeniaiy  processes  can  occur  which 
lead  to  departures  fiom  equdibtiuffl.  These  processes  involve  breaking  chemical  and  physical  bonds,  the 
motion  of  atoms,  molecules,  electrons,  and  ionic  species  in  the  vicinity  of  the  crack  tip,  and  production  of 
localized  heating  due  to  plastic  defonnacion.  The  consequences  of  such  microscopic  processes  can  result  in 
sui£aceand  near  sur&ce  defects  being  created,  non-equilibrium  surface  stokhiome^  and  charge 
disuibutions  (involving  electrons,  holes,  point  defects  and  radicals,  as  well  as  elementary  (and  transient) 
excitations  such  as  excitons,  excited  states  of  color  centers,  and  various  vibrational  excitations.  We  have 
shown  that  a  number  of  emissions  can  result  horn  these  circumstances:  we  call  such  emission  fracto- 
emission,  which  includes  the  emission  of  particles  such  as  electrons,  ±ions,  and  neutral  species,  and 
photons  tefore,  during,  and  following  the  propagation  of  a  crack  in  a  stressed  material.  The  major  goals 
addressed  in  our  emission  work  ate:  (1)  characterization  of  firacto-emission,  (2)  improving  our 
understanding  of  the  emission  mechanisms  in  terms  of  microscopic  processes  accompanying  fracture 
(idealized  systems),  and  (3)  applications  of  fiacto-emission  to  understand  the  energetics  of  crack  growth 
and  its  influence  on  the  physi^  and  chemical  state  of  the  fracture  and  the  near  fracture  surface.  The 
characterizadon  studies  include  identification  of  specific  emitted  species,  energy  distribution  measurements, 
studies  of  the  fractal  features  of  emission  from  brittle  materials,  and  determination  of  the  spatial 
distribution  of  the  ertussion  (through  imaging).  Mechanism  studies  include  fundamental  studies  of 
temperature  dependences  of  the  emission,  modification  of  excitations  via  optical  stimulation,  experiments 
on  well  defirted  interfscial  failure,  and  time  resolved  spectroscopy  of  the  photon  emission.  The  application 
studies  include  experiments  on  model  inorgank  crystalline  materials  and  propellents,  energetic  crystalline 
materials,  and  elakomers/polymers  of  interest  to  the  Navy. 

A  new  emphasis  in  our  work  is  to  coiuiect  the  firacto-emission  work  with  the  microscopic 
features  of  the  newly  created  fracture  surface.  We  are  employing  the  scanning  tutmeling  microscope 
(STM)  in  conjunction  with  other  mktoscopies  to  ctxrelate  frireto-emission  properties  to  determine  the 
topographical  nature  of  the  fracture  surface  over  a  wide  range  of  sizes.  Such  information  should  aid  in  the 
development  of  atomk-scale  models  of  defmrination  mid  fracture  in  brittle  materials.  Of  particular  interest 
is  the  use  of  topography  to  examine  the  consequences  of  cracks  moving  into  regions  of  high  densities  of 
dislocations.  Furthermore,  we  are  developing  an  atomk  force  miaoscope  (AFM)  to  allow  such  studies  to 
be  done  routinely  on  insulating  materials. 

We  are  also  studying  the  interaction  of  radiation  with  materials  under  mechanical  stress  to  explore 
possible  synergisms  in  dainage  mechanisms  due  to  they  way  mechanical  and  radiative  energy  couples. 
Recently,  we  have  also  been  studying  the  emission  products  of  UV  laser  irradiation  on  including  a  glassy 
inorganic  material  and  RDX  single  crystals.  The  latter  is  of  particular  interest  in  terms  of  the 
decomposition  paths  and  resulting  plasma  interactions  the  products  can  undergo.  A  somewhat  esoteric 
application  of  this  work  is  the  potential  use  of  lasers  for  micromachining  explosive  crystals  into  intricate 
shapes  with  submicron  resolution. 


II.  INTRODUCTION 

Model  Rocket  Propellant  Studies;  We  have  completed  a  collaborative  study  with  Heidi  Stacer,  Air 
Force  Aerospr^  Laboratories,  involving  the  fracto-emission  from  binders  filled  with  small  aluminum 
particles  (Section  m).  Of  particular  interest  were  correlations  of  electron,  photon,  and  radiowave 
emissions  with  the  composition  of  the  filled  binders  during  fracuue.  The  failure  modes  were  also 
determined  using  the  SEM.  We  were  able  to  observe  profound  effects  on  the  fracto-emission  due  to  the 
presence  of  a  metallic  filler.  This  work  has  been  submitted  to  J.  Rubber  Chem.  and  Technol. 

Properties  of  Electa  Produced  hv  Fracture  of  Materials:  We  have  examined  ejecu  (particles 
in  the  size  range  0.1  to  SOO  |im)  which  are  released  by  fracture  of  a  variety  of  materials  (Section  IV).  The 
ejecta  from  most  non-metallic  materials  are  electrically  charged  and  frequendy  have  high  velocities.  The 
amount  of  ejecta  produced  depends  on  the  material  and  the  conditions  of  fracture.  For  unfilled  glassy 
polymers,  the  ejecta  are  produced  in  regions  of  East-hackled  fracture.  Detailed  measurements  have  b^ 
made  on  the  ejecta  mass  and  size  distributions  from  the  fracture  of  composites.  From  these  measurements 
the  total  particle  surface  area  can  be  estimated  and  are  found  to  be  comparable  to  or  greater  than  the  cross- 
sectional  area  of  the  fractured  samples.  Thus,  the  ejecta  should  be  a  consideration  in  the  analysis  of  surface 
energy  and  other  parameters  from  fractographk  analysis. 
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ProPCTtiM  of  Eitcta  From  Imnact  Loading  of  Exaloaiv*  rrvrtaU!  We  discuss  in  Section 
V  a  series  of  measorements  on  the  size  distributions,  approximate  velocities,  and  electric  charge  contained 
on  the  ejem  produced  by  impact  loading  of  small  single  crystals  of  PETN,  RDX,  and  HMX,  aU  tested 
below  ignition.  The  PETN  shows  a  relatively  high  degree  of  charge;  RDX  and  HMX  show  very  little 
charge.  The  PEIN  is  known  to  be  piezoelectric,  which  may  expl^  why  its  ejecta  exhibits  charge.  We 
conftmed  the  detectioo  of  ladiowave  emisskn  (due  to  discharges  occurring  during  crushing)  on  the  PETN 
alone,  again  suggesting  that  charge  separation  was  occurring.  The  importance  of  charge  separation  and 
electronic  excitations  in  the  hac^  of  energetic  materials  relates  to  potential  detonation  mechanisms 
relevant  to  solid  rocket  propellents.  This  work  will  appear  in  J.  Mat.  Sci. 


Praeto-EmiMinn  Inriuged  El#gtrical  Br#«lntAwii  in  Vagnum;  In  Section  VI  we  examine  the 
consequences  of  firacturing  materials  between  two  (rianar  electrodes  across  which  we  apply  a  voltage 
between  100  V  and  S  J  kV.  We  show  that  the  emission  of  charged  particles  during  and  following  fracture 
can  induce  electrical  breakdown.  These  studies  have  relevancy  u>  certain  ESD  problems  where  fiacuire 
occun  (itKluding  during  application  of  high  E  fielda  and  during  high  energy  discharges).  This  work  has 
been  submitted  to  the  IEEE  Transactions  on  Electrical  Insulation. 

rr^tion  of  Free  Chargg  ramVn  with  Erartiirg;  We  present  a  Study  on  the  changes  in 
conductivity  in  single  crystal  silicon  due  to  a  propagating  crack  in  Section  VII.  We  observed  rapid 
increases  in  conductivity  due  to  the  production  of  hee  charge  carriers  during  crack  growth.  The  band  gap  of 
Si  is  1.1  eV,  which  appears  to  be  bridged  via  electronic  excitations  induced  by  the  bond  breaking  at  the 
crack  tip.  This  is  the  first  measurement  of  this  kind  and  offers  insight  into  the  types  of  mechanically 
induced  excitations  that  can  occur  in  crystalline  materials  during  fiacune.  These  results  appeared  in 
Physical  Review  Letters  2795  (1987).  Currently,  we  are  preparing  samples  to  repeat  these 
experiments  on  single  crystal  Ge  which  has  a  bandgap  of  0.67  eV  and  therefore  may  result  in  more  intense 
fiee  earner  production. 

Evidence  of  Chaos  in  the  Photon  EmiMinn  tnhEI  from  Fractur*;  In  Section  VIII  we 
examine  the  flucuiations  in  the  photons  (acquired  at  10  ns  intervals)  accompanying  fracbue  of  an  epoxy 
and  single  crystal  MgO  and  fo«^  that  these  signals  show  chaotic  as  opposMl  to  stochastic,  random 
behavior.  The  evide^  for  deterministic  chaos  comes  from  analysis  of  the  autocorrelation  function,  the 
Fourier  transform,  a  correlation  integral  (Grassberger  and  Procaccia),  and  the  fractal  box  dimension.  We 
have  also  proven  the  existence  of  a  positive  Lyapunov  exponent  and  the  presence  of  a  low  dimensional 
attractor.  The  fracture  surfaces  of  this  epoxy  ate  shown  to  be  fractal  with  equivaiem  fractal  dimension. 
Thus,  the  dynamic  process  of  creating  a  fracture  surfrux  results  in  topographical  features  which  ate 
simultaneously  reflected  in  the  intensity  variations  of  the  photons  emitted.  We  were  not  able  to  determine 
the  fractal  dimension  of  the  MgO  (should  be  quite  low)  but  did  find  that  the  photon  emission  was  chaotic. 
The  relation  of  such  parameters  as  fracuire  toughness  and  other  measures  of  dissipation  to  these  photon 
emission  correlation  parameters  may  prove  very  useful  for  the  application  of  ph£  measurements  to  the 
characterization  of  materials.  It  should  be  emphasized  that  recent  work  by  Mecholsky  and  Passoja  (e.g.,  J. 
Am.  Cer.  Sac.  12. 60  (1989))  have  shown  a  strong  correlation  of  fractal  dimension  of  the  ffacnire  spaces 
with  the  corresponding  fracture  toughness,  thus  providing  us  with  strong  motivation  to  make  links  to 
fracto-emission  properties.  This  article  will  appear  in  J.  MaL  Research. 

Spectra  of  Light  Emitted  During  Peeling  of  an  Adhesive  Tape:  In  Section  IX  we  study  the 
visible  light  emitted  from  the  region  near  the  detachment  zone  during  the  peeling  of  pressure  sensitive 
adhesives.  This  photon  etiussion  due  to  adhesive  failure  is  a  uiuque  from  of  trihofumr/iescence.  We 
investigate  the  properties  of  this  light  from  the  peeling  of  a  filament  tape  with  a  natural  rubber-resin 
adhesive  from  its  backing  at  various  peel  speeds.  We  show  conclusively  that  small  electrostatic  discharges 
are  the  major  source  of  the  radiation.  Tot^  intensity  vs  time  measurements  show  that  the  light  consists 
of  very  intense  bursts  with  typical  duration  of  50  ns  which  frequently  induce  additional  discharges  for 
times  as  long  as  50- 100  ps.  Time  resolved  spectra  of  these  emission  show  them  to  be  dominated  by  the 
line  spectrum  of  molecular  nitrogen  for  both  the  initial  bursts  and  those  that  follow  in  the  next  0.1-100 
|is.  Thus,  the  "after-emission”  is  not  due  to  phosphorescence  of  the  polymer(s),  but  due  to  these 
additional  electrostatic  discharges.  This  work  appeared  J.  Adhesion,  22. 63  (1988). 


Autographs  of  Photon  EmiMion  from  Adhesive  Failure  in  a  Composite  Tape:  A  study 
utilizing  a  very  unique  method  for  producing  contact  prints  (autographs)  of  the  photon  emission  produced 
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during  extremely  slow  peeling  of  a  comporite  tape  from  Polaroid  photographic  film  is  presented  in 
Sectian  X.  We  continue  to  see  direct  evidence  (k  small  electrostatic  dischazges  which  occur  in  this  type  of 
bactme  involving  interfocial  fiulute.  The  failure  mechanism  of  this  particular  tape  involves  fracture  of  the 
reinfiofcing  glass  filaments  which  results  in  fluctuations  in  the  microscopic  detachment  rate.  This 
produce*  mndnlariniM  in  the  photon  emitann  corresponding  tn  several  mdew  of  magnitiute  These  results 
will  appear  in  J.  Adhesian. 

Damage  and  Eleetron  Emisaioa  in  the  Cleavage  of  Single  Crystal  LIP;  In  the  production 
of  cleavage  surfaces  of  LiF single  crystals,  we  have  discovered  that  the  region  of  the  crystal  interacting 
strongly  with  the  metal  cleavage  blade  is  the  region  of  essentially  all  of  the  emission  for  this  mode  of 
loading.  This  work  is  presented  in  Section  XI.  Using  scanning  techniques,  microscopy,  and  varying 
loading  conditions,  we  conclude  that  the  damaged  region  where  the  cleavage  Made  and  crystal  come  into 
contact  is  extiamdinarily  "hot"  in  terms  of  electron  emission.  Vbcroscopic  particles  (ejecta)  fiom  the 
damaged  region  which  frequently  cling  to  the  fmcnire  surface  are  also  shown  to  be  highly  emissive.  In 
contrast,  the  "untouched"  cleave  surfroe  emits  Uttie,  if  any  long  lasting,  intense  emission.  We  propose 
that  the  high  intensity  emission  originates  from  defects  crraied  during  die  production  of  higher  index  plane 
fiacture  sur&ces.  This  article  appeared  in  J.  Appl.  Phys.  ^  1923  (1989). 

Frartn.KmLwiftii  from  Suidies  of  the  electron  emission  produced  fiom  the  fiacnire  of  single 

crystal  MgF2  were  completed  in  a  collaboration  with  K.  C.  Yoo  (Westinghouse  R  &  D)  and  R.  G. 
Rosemeier  (Brimrose  Corporation).  This  work  is  described  in  Set^on  XU.  Here  we  were  interested  in  the 
role  of  anisotropic  effects  due  to  the  crystal  structure  of  MgF2.  We  were  able  to  observe  considetable 
changes  in  the  electron  intensity  with  variation  of  the  dominant  orientations  of  the  fiacture  surfaces.  The 
separation  of  surfaces  with  ( 1 10}  (Hientaticn  produced  Qrpically  a  factor  of  6-10  higher  emission  intensity 
than  surfaces  with  (101]  orientation.  From  elastic  constant  anisotropies,  the  production  of  (110)  surfaces 
should  require  more  fiacture  energy.  In  addition,  we  considm'  the  possibility  rtf’  higher  defect  densities  on 
the  (110)  surfaces  due  to  differences  in  local  geometry  and  instantaneous  rates  of  energy  release  in  the 
region  of  the  crack  tip.  This  work  will  appear  in  Appl.  Phys.  Lett 

Fracto-Emlttion  from  Fused  Silica  and  Sodium  Silicate  GlassM:  Fracto-emission  is  the 
emission  of  photons  and  i^cles  due  to  the  fiacture  of  materials.  This  work  is  described  in  Section  XIII. 
We  present  characteristic  intensity  vs  time  measurements  of  photon  emission  (ph£),  electron  emission 
(EE),  positive  ion  emission  (PIE),  and  neutral  emission  (NE)  due  to  the  fiacture  of  fused  silica  and  sodium 
trisilicate  glass.  We  show,  for  example,  that  the  trisilicaie  is  a  copious  emitter  of  atomic  Na  and  both 
atomic  and  molecular  oxygen.  The  phE,  EE,  and  PIE  fiom  the  two  glasses  share  a  number  of  properties. 
This  work  appeared  in  j.  Vac.  Sci.  A.^  1084  (1988). 

Ion  MaMea  Emitted  from  Fracture  of  Fused  Silka:  Utilizing  time-of-flight  techniques  as  well 
as  mass  spectroscopy  we  have  succeeded  in  determining  the  masses  of  the  positive  ions  emitted  during  the 
fiacnire  of  fused  silica  (SiC>2).  This  work  is  presented  in  Section  XFV.  The  major  positive  particles 
emitted  (in  order  of  decreasing  intensities)  are:  SiO'*’,  Si20^.  Si***,  and  O^.  We  have  proposed  a  sequence 
of  bond  breaking  events  which  could  lead  to  such  species  being  liberated.  Such  species  show 
unambiguously  that  non-equilibrium  processes  accompany  bond  breaking  due  to  fiacnue.  More 
importantly,  in  terms  of  composite  fitcture,  we  are  obtaining  unique  signatures  for  distinguishing  the 
various  failure  modes.  In  this  case,  silica  or  silica  glass  fiber  fiacture  would  yield  Si  containing  species, 
whereas  organic  matrices  fiee  of  Si  would  not  To  appear  in  J.  Vac.  Sd.  Tech. 

Electron  Ernfasion  from  Abrasion  of  Polymers:  In  Section  XV  we  examine  previously  claimed 
detection  of  electrons  during  deformation  of  hi^  density  polyethylene  (prior  to  failure)  and  present 
evidence  that  this  so-called  mechano-emission  is  due  to  abrasion.  Fiacnire  induced  excitations,  probably 
involving  firee-radicals,  are  the  likely  cause  of  this  emission;  i.e.,  bond  breaking  is  the  initial  stimulus. 

We  have  shown  that  electron  emission  is  extremely  sensitive  to  minute  amounts  of  damage  created  by 
friction  between  metal  or  glass  surfaces  and  high  density  PE.  This  work  will  be  submitted  to  J.  Mat  Sci. 

Interaction  of  Excimer  Laser  Ultraviolet  Radiation  with  KAPTON-H  under  Mechanical 
Stre«;  We  examine  the  response  of  highly  stressed  polyimide  films  to  excimer  laser  radiation  (20  ns 
pulses  @  248  nm  wavelength)  in  vacuum.  This  woik  is  described  in  Section  XVI.  We  present  changes  in 
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siaface  iof»logy  due  to  suiface/tiear  damage,  crack  iniaation,  and  eventually  crack  growth  over  a  wide 
range  of  applied  stress.  We  show  that  the  morphology  of  the  stressed  maioial  has  a  significant  influence 
on  the  resulting  damage  and  suggest  that  the  regions  of  highest  damage  are  those  experiencing  the  highest 
local  soess.  Initial  results  are  also  presented  on  the  effect  of  mechanical  stress  on  ywlds  of  the  photo- 
aUatioa  products  ejected  fitom  the  polymer  surface.  This  work  appeared  J.  Vac.  ScL  Tech.  A  6. 94 1 
(1988). 

Excimer  Laser  Induced  Damag#  in  Sndimii  TrtaiHgate  niaw;  Preliminary  to  studies  of  the 
combined  influence  of  exposure  of  a  glassy  material  to  both  mechanical  stress  and  radiation,  we  have 
snidied  the  influence  of  UV  Excimer  radiation  on  Na20  SSiOi  glass  (see  Section  XVII).  This  work  was 
carried  out  in  collaboration  with  Larry  Pederson,  Bmtelle  Pacific  Northwest  Laboratories.  Wehave 
characterized  the  damage  to  the  surfa^  of  this  material  as  well  as  deteiminadcn  of  the  type  of  particles 
and  their  velocities  due  to  the  pulsed  laser  bombardment  This  includes  measurements  of  the  charged 
particle  emission  (photoelectrons,  Hons,  and  neutral  emission  -  both  ground  state  aad  excited)  as  a 
function  of  photon  flux.  We  observe  significant  removal  of  matter  from  the  glass  (ablation),  evidence  for 
laser  induced  absorption  at  248  nm  (thus  a  threshold  in  exposure  for  damage  to  occur),  and  an  electrostatic 
acceleradon  of  positively  charged  particles  interacting  with  laser  heated  electrons  (inverse  bremstrahlung) 
resulting  in  -30  eV  Na  atoms  in  high  lying  Rydberg  stmes.  These  sutdies  have  very  important 
implications  regarding  the  energy  transfer  mechanisms  of  laser  light  to  such  surfaces  and  fix' describing 
the  details  of  the  ablation  process.  Careful  characterization  of  these  products  can  be  extremely  important 
for  the  applications  of  laser  ablation  to  deposition.  This  work  will  appear  in  J.  Vac.  Sci.  A. 

Additkiiial  Work;.  In  Section  XVm,  we  presoit  ongoing  wtxk  that  is  in  preliminary  stages.  This 
includes  a  new  set  of  experirtrents  on  the  neutral  molecule  emission  fiom  the  fracture  of  polymers.  We 
have  measured  the  kinetic  energy  of  these  gases  and  found  them  to  cotiespoiKl  to  temperatures  on  the  order 
of  4S0  K.  In  addition,  we  present  recent  newmeasuretnents  involving  Storming  Tunneling  Microscope 
images  of  fiacoire  surfaces  of  insulating  materials  and  similar  results  using  a  Atomic  Force  Microscope  in 
a  compressive  mode. 

Fracto-EmiMion  from  Interfacial  Failure.  In  Appendix  I,  a  review  paper  on  the  emission  of 
particles  and  photons  during  and  after  adhesive  failure  is  given.  Recent  work  on  the  detection  of  photons 
fiom  embedded  interfadal  faiUire  (where  the  light  is  produced  inside  the  specimen),  and  the  photons  and 
electrons  fiom  the  detachnient  of  metal  films  fiom  treated  silicon  surfaces  are  discussed.  This  paper  will 
appear  in  the  Materials  Research  Society  Proceedings  of  Symposium  J,  1989. 

Appendix  n  presents  lists  of  participants,  collaborators  and  visiting  researchers,  talks,  and  publications. 
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SUMMARY 

We  examine  the  emission  of  electrons,  photons,  and  long  wavelength  electromagnetic 
radiation  accompanying  failure  of  interfaces  between  two  elastomers  and  aluminum. 
Interfacial  failure  on  a  macroscopic  scale  is  examined  for  an  uncrosslinked  polybutadiene  as 
weU  as  a  urethane-linked  polybutadiene  and  metal  surfaces.  We  also  investigate  the  hracture 
of  unfilled  and  metal  particle  filled  urethane-linked  polybutadiene.  Experimental  evidence  is 
given  in  support  of  a  previously  presented  iixxiel  involving  fracture  induced  microdischarges 
during  crack  propagation.  The  effects  of  variations  in  strain  rate,  crack  velocity,  and  mauix 
'  crosslinking  on  the  electron  emission  during  the  tensile  fiactute  of  the  metal  filled  elastomer 
are  also  discussed. 


INTRODUCTION 

During  and  after  fracture  of  materials  one  can  measure  the  emission  of  photons  (often  called 
triboluminescence)  (1,2)  and  particles  including;  electrons,  negative  and  positive  ions,  and  neutral 
species  in  both  ground  and  excited  states.  This  enussion  can  often  serve  as  a  sensitive  probe  of 
crack  growth,  providing  useful  information  concerning  molecular  and  microscopic  events 
accompanj^g  crack  growth  and  concerning  the  details  of  failure  modes  in  a  variety  of  materials. 
This  emission  is  also  of  interest  in  terms  of  its  relation  to  the  electrostatic  consequences  of  bond 
breaking  (e.g.,  noise  generated  in  sensitive  circuits  under  stress,  grinding  of  materials  in  confined 
spaces,  mechanical  and  interfacial  effects  associated  with  explosives  and  solid  propellents),  the 
detection  of  fracture  inside  the  earth's  crust,  and  the  transport  of  atoms  and  gases  in  geological 
systems.  For  a  lengthy  list  of  fracto-emission  (FE)  references,  see  Ref.  3. 

Past  studies  of  FE  (3)  have  included  work  on  the  fracture  of  oxide  coatings  on  metals, 
inorganic  crystals  and  glasses,  adhesive  failure  (including  composites),  organic  crystals,  neat 
polymers,  and  electrical  phenomena/breakdown  accompanying  fracture.  A  number  of 
invesdgations  have  focused  on  the  emission  of  chained  particles  and  photons  from  the  fracture  of 
materials  in  vacuum.  The  (vigin  of  electron  and  photon  emission  from  cohesive  fracture  is  best 
explained  in  terms  of  bond  breaking  phenomena  where  non-adiabatic  processes  occur  involving 
fundamental  excitations  (e.g.,  exciton  creation  and  decay),  or  the  creation  and  recombination  of 
point-like  defects  and  charge  carriers  (e.g.  charge  trapping  at  defects  followed  by  recombination 
with  mobile  charge  carriers).  These  processes  arc  initiate  by  bond  breaking  resulting  in  the 
creation  of  localized  departures  from  equilibrium.  For  polymeric  systems,  the  likely  anadogous 
participants  are  free  radicals,  ionic  states  (e.g.,  holes),  and  electrons  all  generated  by  bond 
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scissions  during  crack  growth.  The  decay  of  these  excitations  can  provide  the  energy  necessary 
for  particle  or  photon  emission. 

We  h^  proposal  a  simple  model  for  systenos  involving  charge  separaxion  during 
fracture.  These  system  include  piezoelectric  materials  and  a  wide  variety  of  composite  materials  in 
which  fracture  involves  interfiicial  failure  (e.g.,  elastomers  filled  with  particles  or  fibers).  The 
basic  features  of  this  model  as  they  relate  to  the  fracture  of  materials  in  vacuum  are  the  following; 

(a)  During  crack  propagation,  charge  separation  occurs  on  the  freshly  created  fracture  surfaces. 

(b)  Neutral  species  ate  emitted  into  the  crack  tip  region  during  crack  propagation,  producing  a 
region  of  elevated  pressure  (in  the  atxnosphm,  air  immediately  fills  the  crack). 

(c)  A  microdischarge  thus  occurs  during  fracture  yielding  charged  particles  (generally  electrons 
and  poritive  ions)  as  well  as  photons  and  long  wavelength  electromagnetic  radiation  (R£ 
for  radiowave  emission). 

(d)  Static  charge  on  the  fracture  surfaces  leads  to  acceleration  of  the  emitted  electrons, 
modifying  their  energy  distributions.  A  large  portion  of  these  electrons  is  pulled  back  to 
the  surface  resulting  in  a  self-bombardment  piwess.  This  results  in  the  emission  of 
positive  and  negative  ions  and  excited  neutrals  via  electron  stimulaud  desorption  (ESD) 

(4). 

(e)  The  bombardment  of  the  fracture  surfaces  by  the  discharge  products  during  fracture  creates 
a  variety  of  electronic  excitations  which  can  subsequently  cteay  to  yield  ato-emission. 
Thermally  stimulated  relaxation  involving  mobile  charge  carriers  releasing  energy  at 
appropriate  recombination  centers  describes  very  well  the  emission  following  ^ture. 

Different  types  of  phE  have  been  observed.  phE  can  occur  prior  to  fracture  in  a  number  of 
systems.  In  some  cases,  this  light  is  due  to  microfracture  events  that  precede  failure  (e.g., 
dewetting  of  particles).  In  single  crystal  inorganics  there  is  evidence  that  nnoving  dislocations  can 
generate  defects  which  recombine  to  yield  li^L  Following  fracture,  some  matmals  "glow "  with 
characteristic  decaying  sign^s,  much  like  phosphorescence.  In  addition,  when  charge  separation 
is  intense,  light  frxm  microdischarges  is  quite  evident  Typically,  microdischarge  events  yield 
sharp  spectral  lines  charaaeristic  of  the  gases  present  in  the  crack  tip. 

We  have  previously  performed  a  number  of  FE  studies  on  elastomers,  characterizing  the 
FE  from  unfilled  poly  butadiene  and  styrene-poly  butadiene  (both  crosslinked  with  dicumyl 
peroxide)  (2,6)  and  examining  the  dependence  of  emission  intensities  on  cross-link  density  (7). 
Because  of  the  substantially  greater  emission  intensities  from  filled  elastomers  (e.g.,  filled  with 
small  glass  beads),  we  have  examined  FE  from  these  materials  in  much  greater  detail,  including  the 
physics  of  the  emission  processes  and  crack  speed  dependence  (8-14).  Related  to  these  studies  are 
several  works  on  emission  accompanying  the  peeling  of  pressure  sensitive  tapes,  many  of  which 
utilize  elastomeric  adhesives  (12-20). 

There  is  interest  in  the  fractiire  properties  of  particulate  filled  elastomers  and  probing  the 
various  phenomena  which  occur  before  and  during  failure.  Metal  filled  polymers  are  important 
because  of  their  electrical  properties  and  are  also  an  important  component  of  a  number  of  solid  fuel 
rocket  propellents. 

In  this  paper  we  explore  the  electron  and  photon  emission  accompanying  the  deformation 
and  tensile  fracture  of  urethane-linked  polybutadiene,  unfilled  and  filled  with  small  aluminum 
particles.  We  will  show  that  significant  increases  in  emission  intensity  during  fracnire  are 
observed  in  the  filled  vs  unfilled  material.  We  present  experimental  evidence  in  suppon  of  the 
model  described  above  concerning  strong  electrostatic  effects.  We  also  examine  the  consequences 
of  variations  in  strain  rate,  crack  velocity,  and  elastomer  crosslinking  on  the  electron  emission.  We 
basically  show  that  fracto-emission  is  a  sensitive  indicator  of  the  fracture  process  and  that  the 
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emission  is  most  sensitive  to  the  charge  state  of  the  surfaces  after  fracture  both  in  the  peeling  of 
polymers  from  metal  surfaces  and  in  the  fracture  of  particulate  filled  elastomers. 

EXPERIMENTAL 

To  examine  the  FE  during  adhesive  and  cohesive  failure  of  a  macroscopic  metal-polymer 
system,  samples  were  prepared  from  Diene  35NFA  (Firestone  Tire  and  Rubber  Co.)  and 
aluimnum.  Diene  35NFA  is  a  mixture  of  cis-  and  trans-  polybutadiene  with  approximately  1800 
monomer  units  per  chain.  The  35NFA  was  dissolved  in  benzene,  cast  onto  an  aluminum  foil 
substrate,  and  allowed  to  dry  at  room  temperature  to  ftmn  a  thin  uniform  film  approximately  1  mm 
thick.  Strips  20  mm  wide  150  mm  long  were  cut  from  the  sample  sheet.  A  small  crack  was 
started  hand  at  the  interface  between  the  metal  and  the  polymer  and  the  resulting  edges  were 
secured  in  stainless  steel  clamps  in  a  vacuum  system  so  that  separation  of  the  clamps  resulted  in  a 
'T-peeL"  Other  sairmles  were  formed  in  a  "butt  joint”  geometry  by  pressing  one  end  of  a 
lectangulff  block  of  freshly  cut  35NFA  against  an  aluminum  block  (cleaned  in  solvent)  in 
compressive  clamps  to  form  a  10  mm  x  5  mm  contact  surface.  A  pressure  of  5  MPa  was  applied  to 
the  clamps  for  up  to  30  minutes.  The  surfaces  then  were  pulled  apart  and  the  resulting  emissions 
rectxded.  Both  sets  of  experiments  were  performed  in  vacuums  of  less  than  10*^  torr  to  facilitate 
charged  particle  detection.  All  aluminum  surfaces  described  in  this  paper  have  been  exposed  to  air 
and  thus  have  the  usual  >*50  A  native  oxide  film  coating  the  outside  surface. 

FE  from  adhesive  and  cohesive  failure  was  also  studied  using  metal-filled  and  unfilled 
elastomers  loaded  in  tension.  The  elastomer  specimens  were  made  from  urethane-linked 
poiybutadiene  (ULPBR)  by  mixing  hydoxyl-terminated  poiybutadiene  with  23  to  26  monomer 
units  per  chain  crosslinked  with  IPDI  (isophorone  diisocynate,  S.6%  and  9.27%  by  weight)  and 
TPB  (0.24%  by  weight)  to  produce  NCO/OH  ratios  of  1.02  and  1.35.  The  filled  samples 
contained  small  aluminum  parades  of  average  diameter  10  urn,  30  ^m  and  60  itm  added  to  the 
ULPBR  in  concentradons  of  8.5%,  17%  and  25.5%  by  weight  for  each  average  particle  diameter 
and  both  NCO/OH  ratios.  Notched  and  unnotched  samples,  typically  5  x  2  x  12  mm^,  were 
broken  in  tension  in  a  vacuum  system  at  10*^  torr.  The  notched  samples  contained  a  1  mm  notch  ir. 
the  5  mm  width. 

Figure  1  illustrates  a  typical  experimental  arrangement  Electron  emission  (EE)  was 
detected  with  an  appropriately  biased  channel  electron  multiplier  (CEM),  Galileo  Electro-CDptics 
model  4821,  which  pr^uced  fast  (10-20  ns)  pulses  with  approximately  90%  absolute  detection 
effidency.  The  gain  of  this  CEM  was  typically  10^  -  10^  electrons  per  incident  particle.  The 
background  noise  counts  ranged  from  one  to  ten  counts  per  second.  The  pdses  were  amplified 
with  fast  current  and  voltage  amplifiers  and  discriminated  for  pulse  counting  on  a  multichannel 
scaler.  Photon  entission  (phE)  was  detected  with  a  Thom  ENU  nsodd  992^B  photomultiplier 
tube  (PMT)  with  a  quartz  window  and  a  bialkali  photosensitive  surface.  Normally,  the  PN^  was 
used  in  the  pulse  counting  txxxie.  The  PMT  was  mounted  directly  inside  the  vacuum  system  and 
could  not  be  cooled;  thus,  the  background  count  rate  was  relatively  high,  typically  lOOO  counts/s. 
The  two  detectors  were  normally  positioned  on  opposite  sides  of  the  sample,  approximately  1  cm 
from  the  region  of  crack  growth.  Both  during  and  afrer  fracture  the  newly  created  surfaces  were 
well  separa^  providing  favorable  detection  geometry  for  both  charged  particles  and  photons. 

The  lo^  during  elongation  and  fracture  was  measured  with  a  Sensotec  Model  5 1  load  cell,  also 
mounted  inside  the  vacuum  system.  Elongation  (clamp  displacement)  was  measured  with  a 
displacement-to-voltage  tran^ucer  attach^  to  the  pulling  mechanism  outside  the  vacuum  system. 
Long  wavelength  electromagnetic  radiation  (radio  emission;  RE)  emitted  during  fracture  was 
detected  with  a  20,(X)0  turn  solenoid  of  #30  magnet  wire  placed  2  mm  from  the  sample.  The  coil 
output  was  connected  to  a  differential  amplifier  (80  db  common  mode  rejection)  containing  both 
high  and  low  pass  filters.  This  arrangement  detects  the  near-field  electromagnetic  radiation  due  to 
the  proximity  of  the  coil  to  the  source.  The  intensity  of  these  oscillating  fields  is  so  weak  that  we 
would  not  be  able  to  detect  them  at  distances  of  several  wavelengths  where  one  sees  only  the 
propagating  field.  Placing  an  insulating  glass  plate  between  the  sample  and  the  coU  did  Unle  to 
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reduce  the  intensity  or  timing  of  the  RE  bursts.  Thus,  the  detected  signals  were  due  to 
electromagnetic  radiation  and  not  to  charged  particles  reaching  the  antenna.  Emission  signals, 
applied  foice,  and  elongation  were  lecon^  on  a  Lecroy  3500  Data  Acquisidon  System  at  rates 
varying  fitom  1  to  1  s. 

Some  fracture  events  were  recorded  on  video  tape  with  a  Sony  video  camera  and  viewed  in 
a  freeze  frame  mode,  allowing  crack  propagadon  to  be  measured  at  17  ms  intervals.  After  fracture, 
selected  samples  were  gold  ccated  and  the  fracture  surfaces  examined  in  a  scanning  electron 
microscope  (SEM). 


RESULTS  AND  DISCUSSION 

UNCROSSLINKED  POLYBUTADENE  DETACHED  FROM  ALUMINUM 

We  first  present  the  results  of  the  T-peel  experiments  involving  the  separadon  of 
uncrosslinked  35NFA  material  from  an  aluminum  substrate.  EE  from  the  peel  of  a  35NFA  sample 
from  an  aluminum  substrate  at  a  rate  of  2.5  mm/s  is  shown  in  Fig.  2a.  The  resulting  EE  is  very 
small  with  very  litde  after-emission  following  detachment  Visual  examinadon  of  tlw  fracmie 
surfaces  revealed  that  a  thin  layer  of  polymer  remained  on  the  metal  substrate  and  that  tearing  had 
occurred  within  the  elastomer,  i.e.,  the  locus  of  fracture  was  in  the  polymer  itself,  rather  than  at  the 
interface.  This  weak  emission  is  typical  of  cohesive  failure  of  an  uncrosslinked  polymer.  In  Fig. 
2b  we  show  the  EE  accompanying  Ae  fracture  (tearing)  of  a  35NFA  sample  strain^  in  tension  at 
a  rate  of  2J  mm/s.  Elongadon  of  an  uncrosslinked  polymer  can  lead  to  f^ure  with  minimal  bond 
breaking,  resulting  in  weak  EE  during  the  peel.  The  small  number  of  bond  scission-induced 
excitadons  jdelds  miiuscule  after-emission  as  well 

To  illustrate  the  difference  in  emission  between  adhesive  and  cohesive  failure  in  a  polymer- 
metal  system,  peel  tests  of  samples  with  weaker  adhesive  bonds  were  performed.  Suitably  weak 
adhesion  is  di^layed  by  35NFA-aluminum  samples  formed  by  simply  pressing  the  untreated 
polymer  against  the  metal  surface  to  create  a  butt  joint  For  contact  dmes  of  less  than  an  hour,  no 
evidence  of  residual  poilymer  on  the  metal  or  damage  (tearing)  of  the  polymer  foUowing  failure  is 
observed.  Thus,  the  failure  oxxie  can  be  characurized  as  int^acial.  The  resulting  EE  is  quite 
intense  and  persists  for  hundreds  of  seconds,  as  shown  in  Fig.  3.  Qearly,  the  emissions  produced 
by  adhesive  and  cohesive  failure  of  these  specimens  are  quite  distinct 

These  and  other  studies  (8,13,18)  show  that  the  EE  intensides  from  adhesive  failure  during 
macroscopic  peeling  depends  on  the  length  of  time  the  surfaces  have  been  in  contact  the  rate  of 
detachment  ^e  applied  pressure  (how  hard  the  surfaces  are  pushed  together-this  is  most  likely  a 
contact  area  effect  (21-23)),  and  the  type  of  metal  used.  The  longer  the  contact  between  the 
polymer  and  the  metal  sur^e  the  lai^  the  emission  during  the  peeling  process.  Several  minutes 
of  contact  are  required  to  produce  a  strong  emission  signal.  The  ixxnease  in  EE  with  contact  time 
levels  off  after  about  30  minutBS.  This  is  consistent  with  contact  charging  at  the  metal-rubber 
interface.  When  the  metal  and  the  polymer  are  brought  together,  cha^  can  flow  from  one  material 
to  the  other  to  align  the  "Fermi  levels"  of  the  two  materials  in  the  region  of  contact  This  flow  of 
charge  is  slow  b^use  of  the  poor  charge  mobility  in  the  mbber.  In  addidon,  any  oxide  layer  on 
the  metal  also  impedes  the  flow  of  charge  across  ^e  interface.  Upon  separadon,  if  the  charge 
cannot  flow  back  across  the  boundary,  ^e  polymer  is  left  with  a  charged  surface  (22).  As  ^e  rate 
of  separadon  is  increased  the  emission  also  increases  because  rapid  si^ace  separadon  hinders  the 
reneutralizadon  of  the  charged  surfaces.  Thus,  the  electric  field  across  the  crack  is  stronger  and 
leads  to  more  intense  microdischarges  during  fracture.  The  type  of  metal  to  which  the  polymer  is 
attached  effects  the  amount  of  emission  detected  in  that  the  posidon  of  the  Fermi  energy  varies 
from  metal  to  metal,  thus  requiring  differing  arxx}unts  of  charge  to  flow  across  the  interface  to 
establish  equilibrium.  The  nature  of  the  oxide  layer  also  strongly  depends  on  the  metal  substrate 
and  can  influence  the  reneutralizadon  process. 

By  ardficially  introducing  free  charge  onto  the  surface  of  the  polymer  prior  to  contact  with 
the  A1  surface,  it  might  be  possible  to  alter  tlw  amplitude  of  the  electric  field  in  the  crack  during 
separadon.  Suitable  free  charge  can  be  provided  1^  a  commercial  device  called  a  Zerostat  3 
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(manu^nired  by  IDiscwasher,  Columbia,  MO)  designed  to  discharge  vinyl  phonograph  records. 
This  device  urili^  piezoelectric  transducers  and  field  emission  &om  a  sht^  metal  point  to  produce 
free  charges  of  both  signs.  The  polymer  surface  was  allowed  to  sit  for  approximately  1  minute 
after  char^g  prior  to  contact  with  the  metal  surface.  During  this  time  a  portion  of  the  firee  charge 
diffuses  into  the  sample.  The  joint  was  then  formed  and  held  for -20  min.  Although  the 
magnitude  of  the  firee  charge  t^en  up  by  the  polymer  was  not  measured,  we  found  that  its 
presence  indeed  modified  the  EE  intensity.  Hg.  4  shows  the  EE  from  a  3SNFA-A1  sample  peeled 
at  a  rate  of  -2.5  mm/s,  where  in  (a)  the  s^ycd  charge  was  positive  and  in  (b)  the  sprayed  charge 
was  negative.  We  see  that  relative  to  the  uncharged  surface  (Fig.  3),  EE  intension  increased  for  the 
positive  charge  and  decreased  for  the  negative  ciuuge. 

Contact  charging  also  occurs  at  sample  clangs,  which  in  our  case  are  made  of  stainless 
steel  If  the  sample  slips  from  beneath  the  clamp  during  loading,  the  resulting  separation  of  charge 
is  effectively  in  a  diiection  parallel  to  the  tensile  direction.  Fig.  5a  shows  the  res^ting  EE  from  a 
sample  of  35NFA  that  had  been  clamped  -20  min  (time  requi^  to  pump  down  the  vacuum 
system)  and  subsequendy  slipped  out  of  the  clamp  during  rapid  It^ding  (snain  rate  -600  %/s). 
Clearly,  the  EE  activity  is  ve^  high.  As  the  material  is  pulled  and  detaches  from  the  clamp-  the 
deiacl^nt  zone  is  highly  charg^  and  thus  ctisplays  idl  the  EE  processes  discussed  above.  The 
''tail”  in  the  EE  persists  long  after  the  end  of  the  slipping  event  consists  of  an  unusual  series  of 
EE  bursts  separated  l^  longer  and  longer  periods  of  time,  similar  to  a  "relaxation  osdUator".  The 
baseline  of  the  emission  gradually  deceases  to  zero  and  the  bursts  rise  and  fall  rapidly.  Fig.  5b 
shows  a  region  of  these  bursts  on  a  linear  intenri^  scale.  We  have  joined  the  data  points  with 
straight  lines  to  better  illustrate  the  shape  of  these  bursts.  The  origin  of  this  rather  bizarre  effect  is 
likely  related  to  interaction  of  high  surface  charge  densities  (perhaps  of  both  signs)  with  the  electric 
polarization  of  the  robber,  obviously  in  a  very  non-Unear  fashion.  We  have  planned  additional 
experiments  to  explore  this  effect  and  to  investigate  any  connection  to  the  tribology  of  metal-robber 
interfaces. 

DETACHMENT  OF  URETHANE-LINKED  POLYBUTADIENE  FROM  METAL  SUBSTRATES 

Adhesive  failure  of  elastomer-metal  interfaces  can  also  be  achieved  using  the  urethane- 
linked  polybutadiene;  visual  observation  of  the  metal  surface  shows  little  residual  polym^  after 
separation.  The  macroscopic  peeling  of  ULPBR  from  stainless  steel  (Fig.  6a)  and  aluminum  (Fig. 
6b)  also  results  in  intense,  long  lasting  EE  similar  to  the  adhesive  failure  of  the  uncrosslinked 
35NFA-aluminum  samples.  Both  tests  were  carried  out  a  peel  rates  of  -2.5  mm/s.  T-peel  and  butt 
joint  failure  tests  involving  ULPBR  yielded  very  similar  emissions;  the  failure  was  int^acial  in  all 
cases. 


FRACTURE  OF  UNFILLED  AND  ALUMINUM  FILLED  ULPBR 

Considering  the  EE  (and  phE)  during  defcnmation  and  fracture  of  unfilled  and  aluminum 
particle  filled  ULPBR,  one  might  expect  consiiterable  differences  between  these  materials  on  the 
basis  of  the  differences  in  their  mechanical  and  electrical  properties.  Indeed,  the  possibility  of 
intetfacial  failure  in  the  filled  material  suggests  that  it  will  yield  the  especially  intense,  long  lasting 
EE  associated  with  inieil’acial  failure  above.  EE  and  phE  from  the  failure  of  notched  samples  of 
both  filled  and  unfilled  ULPBR  are  compared  in  Fig.  7.  These  samples  were  strained  in  tension  at 
a  rate  of  0.6  %/s.  The  elongation  at  failure  of  the  filled  material  was  64%,  while  that  of  the  unfilled 
material  was  75%.  The  filled  material  provided  much  more  intensr  emissions  (-  10^  times  higher) 
than  the  unfilled  material,  consistent  with  the  intense  emissions  associated  with  the  interfacial 
failure  of  other  material  systems  (9-20)  Note  that  the  EE  during  the  fracture  of  the  filled  ULPBR 
(Fig.  7a)  shows  considerably  more  structure  (fluctuations)  than  the  EE  frpm  the  fracture  of  the 
un^ed  material  (Fig.  7c).  EE  from  the  filled  material  shows  numerous  spikes  and  associated 
"tails”  superimpo^  on  an  increasing  background,  rapidly  reaching  a  maximum  at  final  separation. 
After  sepanuion,  the  EE  decreases  with  a  non-exponential  decay;  on  all  time  scales  the  semilog  plot 
of  EE  vs  time  has  curvature.  This  is  suggestive  of  a  near-second  order  rate  equation  which  we 
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hove  explored  in  detail  fOT  two  systems:  1.  poiybutadiene  filled  with  glass  beads  (9),  and  2.  single 
crystal  MgO  (24).  In  both  oi  these  materials  the  after-emission  was  well  described  1^  rate 
equations  involving  activated  charge  transport,  a  recombination  reaction,  and  a  competing 
retrapping  process.  With  high  lettapping  probabilities,  these  equations  result  in  second  order-like 
decay,  similar  to  that  obser^  here. 

The  phE  from  the  fracture  of  the  filled  ULPBR  (Fig.  7b)  is  quite  intense  during  fracture, 
but  immediately  drops  to  the  background  level  of  ~103  counts/s  for  the  uncooled  PMT.  We  tried 
very  hard  to  find  a  <^ay  curve  in  the  ph£  which  would  match  the  EE  decay,  but  were 
unmccessfriL  This  is  amtrary  to  what  was  observed  in  the  glass  filled  PBR  and  MgO.  Parallel 
decay  of  EE  and  phE  is  actually  expected  on  the  basis  of  our  undersanding  of  the  recombination 
proc^  which  ty^cally  involves  both  non-radiadve  (EE)  de-excitadon  o/td  radiative  (ph£)  de- 
excitation.(9,24)  We  have  not  con^letely  abandoned  the  "missing  photons"  and  will  make  further 
attempo  to  increase  our  phE  detection  sensitivity.  If  they  are  missing,  there  may  be  a  selective 
quenching  mechanism  which  allows  EE  but  forbids  phE.  In  systems  with  strong  electron  traps 
(e.g..  sulfur  cured  poiybutadiene)  the  after-emission  of  both  ^  and  phE  is  strongly  suppressed, 
presumably  due  to  the  trapping  of  normally  mobile  charge  carriers  before  tecoc^ination  can  occur. 

phE  from  the  urtfflled  ULPBR  (Fig.  7d)  is  barely  above  the  PMT  background  during 
fracture,  showing  only  a  single  point  in  coincidence  with  the  maximum  of  the 

The  tehdonship  between  EE  and  the  applied  load  for  the  unfilled  ULPBR  during  very  slow 
loading  (0.5%/s)  can  be  seen  in  Fig.  8.  In  this  experiment,  a  series  of  magnifying  lenses  allowed 
direct  observation  of  fibril  formation  and  microfrractute  in  the  region  of  the  crack  tip.  (We  called 
this  our  "Graduate  Student  Microfracture  Detector"  (GSMD)).  EE  was  measured  simultaneously. 
The  arrow  near  the  rise  in  the  EE  indicates  the  first  observation  of  fibril  faUute  during  the  loading 
process.  The  onset  of  sigruficant  EE  corresponds  well  with  the  onset  of  tearing  withw  the  crack 
tip.  An  irt^xntant  conclusion  can  be  made  from  this  simple  correlation  in  light  of  the  fact  that  a 
cTosslinked  polymer  cannot  fail  without  bond  scissions:  the  EE  is  clearly  associated  with  bond 
breaking. 

Figure  8b  shows  markers  generated  by  the  GSMD  for  each  detected  microfractuie  event 
observed  in  the  crack  tip  during  loading  of  the  sample  to  failure.  The  observed  microfraaure 
activity  correlates  very  well  with  EE  intensity  during  crack  growth.  Few  flucmations  (spikes)  are 
seen  in  the  EE  during  failure  of  the  unfilled  ULPBR.  The  EE  variations  that  do  occur  in  Fig.  8a 
correspond  to  variations  in  the  frequency  of  microfracture  events  which  become  equivalent  to 
variations  in  crack  velocity  as  fracture  proceeds  (i.e.,  in  the  high  frequency  limit). 

The  corresponding  EE,  load,  and  observed  microfracture  activity  for  an  Al-filled  ULPBR  is 
shown  in  Fig.  9.  The  EE  begins  to  rise  prior  to  any  observ«l  microfracture.  The  EE  is  so  intense 
that  it  is  a  better  "Microfracture  Detector”  than  the  GSMD.  Note  ag^  that  EE  during  fracture  of 
the  filled  oaterial  shows  a  large  number  of  fluctuations  (spikes)  which  are  most  likely  due  to 
variations  in  the  rate  of  new  surface  formation  (i.e.,  instantaneous  rate  of  crack  grov^). 

Although  the  locus  of  failure  may  be  very  complicated  on  the  atomic  level,  scaiming 
electron  microscopy  can  provide  a  gross  indication  of  the  cohesive  or  adhesive  nature  of  the 
fracture  evenL  Figim  10  shows  two  views  of  an  aluminum  filled  ULPBR  fracmre  surface  at 
different  noagnifications.  Extensive  adhesive  failure  is  observed,  with  essentially  all  of  the  visible 
metal  particles  clearly  detached  from  the  polymer  matrix .  The  individual  aluminum  particles  have 
very  little  polymer  nairix  clinging  to  them  and  are  either  lying  loose  on  the  fracture  siuface  or 
sitting  in  a  voui  with  the  matrix  totally  detached  from  the  particle.  Thus,  the  intense  EE  appears  to 
be  associated  with  relatively  ptwr  particle-elastomer  bonding. 

An  interesting  con^arison  can  be  made  between  the  EE  from  unnotched  vs  notched 
aluminum  filled  ULPBR  samples  under  the  same  strain  rate  and  loading  conditions  (~0.6  %/s).  In 
Fig.  1  la,  we  show  the  resulting  EE  for  the  unnotched  sample.  The  onset  of  the  rise  in  stress 
during  loading  and  the  duration  of  crack  growth  are  marked  with  arrows.  The  EE  displays  pre¬ 
emission,  an  initial  rise  in  EE  prior  to  visible  crack  formation  and  growth.  This  pre-emission  can 
be  attributed  to  surface  delamination  or  dewetting  between  the  elastomer  and  filler  particles  on  the 
surface  of  the  sample.  (Dewetting  internal  to  the  sample  does  not  yield  detecable  EE,  as  any 
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emitted  panicles  cannot  escape  to  the  detector).  The  pte-emission  is  followed  by  a  decrease  in  EE 
intensity,  which  remains  relatively  weak  until  the  onset  of  crack  growth.  Catastrophic  failure 
follows  quickly.  Over  95%  of  the  emissioa  from  the  unnotched  samples  occurs  in  the  few  seconds 
of  noacioscopic  crack  growth.  The  strain  enogy  prior  to  fracture  of  the  unnotched  sample  (Fig. 

1  la)  is  much  larger  than  for  the  notched  specimens  (Fig.  1  lb)  due  to  both  grea^  elongation  and 
hugCT  peak  force.  Thus,  once  crack  growth  initiates,  the  acceleration  and  resulting  crack  velocity 
are  mi^  higher  for  the  unnotched  samples.  Also,  note  the  lai±  of  strong  fluctuations  in  the  EE 
from  the  uruioiched  sample  compared  to  the  large  number  of  spikes  from  the  notched  samples  of 
Figs.  9a  and  11b.  Recall  that  th^  fluctuadons  occur  during  fracnire.  Once  crack  growth  initiates 
in  tte  unnotched  specimens,  crack  gto«^  accelerates  so  ra^dly  that  on  the  time  scales  shown  here 
we  do  not  observe  such  fluctuations.  Since  EE  data  can  be  reai^y  acquired  at  rates  as  high  as 
100  MHz,  we  should  be  able  to  resolve  the  corresponding  EE  fluctuations  from  the  filled 
elastomer  if  they  are  significant. 

CORRELATION  OF  EE  INTENSITY  WITH  CRACK  VELOCITY  (FILLED  MATERIAL) 

EE  from  the  fracture  of  aluminuffl  filled  ULPBR  is  a  very  sensitive  indicator  of  the  crack 
formation  and  growth.  Gxrelations  between  macroscopic  crack  motion  down  and  EE  intensities 
may  be  made  with  a  video  camera,  using  methods  similar  to  those  described  in  Ref.  5.  From  the 
video  images  (taken  at  17  ms  time  intervals),  increments  in  crack  position  can  be  measured  as  a 
function  of  time  (i.e.,  the  profile  of  the  crack  on  the  side  towards  the  camera)  and  converted  to 
crack  velocity,  Vc,  vs  time.  Obviously,  this  provides  only  a  gross  measurement  of  the  actual 
instantaneous  rate  of  bond  breaking  at  the  crack  tip.  Because  the  fluctuations  in  EE  were  so  rapid 
relative  to  our  crack  position  measurements,  we  chose  to  smooth  the  ^  data  by  a  moving  average 
technique.  In  Fig.  12  we  show  this  average  EE  inrensity  as  a  function  of  crack  velocity.  As  the 
crack  ^gresses  through  the  sample  the  EE  fast  increases  is  linearly.  This  corre^nds  to  the 
linear  increase  in  fracture  surface  area  with  crack  velocity.  Thus,  in  this  region,  EE  intensity  per 
unit  area  is  independent  of  However  at  higher  crack  velocities  the  relationship  between  EE  and 
Vc  is  highly  non-linear.  At  these  velocities,  intensity  per  unit  area  is  a  strong  function  of  Vc. 
These  results  are  very  similar  to  EE  intensity  vs  crack  sp^  results  from  other  filled  elastomers 
reptxted  elsewhere  (9). 

Several  factors  could  be  involved  in  the  emission  increase  at  higher  crack  velocities.  Since 
negligible  intensity  is  expected  from  cohesive  failure  of  the  polymer  relative  to  interfacial  fracture, 
we  expea  that  the  details  of  the  separation  of  the  metal  and  polymer  surfaces  play  an  important 
role.  As  shown  schematically  in  Rg.  13,  raising  Vc  raises  the  velocity  with  which  the  two 
surfaces  separate,  Vx.  As  in  the  ini^ac^  peel  tests,  increasing  Vc  results  in  increased  charge 
densities  on  the  fracture  surfaces  as  a  result  of  the  decreased  time  available  for  reneutralization  by 
current  flow  across  the  polymer-metal  interface.  Increased  surface  charge  results  in  more  intense 
discharge  activity  and  thus  more  intense  FE. 

STRAIN  RATE  DEPENDENCE 

The  effea  of  strain  rate  on  EE  intensity  from  aluminum  filled  ULPBR  is  similar  to  the 
effea  of  crack  velocity.  Rgures  14  and  15  show  the  EE  and  phE  at  two  strain  rates,  0.5%  and 
30%,  respectively.  Rgures  14b  and  15b  show  the  EE  data  on  slightly  faster  time  scales.  The 
average  total  EE  counts  at  these  two  strain  rates  are  200  k  and  1  M,  respectively.  Attempts  to 
measure  EE  at  higher  strain  rates  resulted  in  detector  saturation,  but  all  indications  suggest  that 
further  intensity  increases  followed.  For  the  filled  material,  this  increase  with  strain  rate  is  again 
due  to  an  increase  in  the  interfacial  separation  velocity,  which  increases  the  na  charge  remaining  on 
the  fracture  surfaces.  Note  that  the  kinetics  of  the  EE  after-emission  decays  are  identical  at  these 
two  strain  rates.  Once  the  system  is  excited  by  fracture,  the  relaxation  is  "determined." 

EE  intensities  from  unfilled  ULPBR  also  increase  with  strain  rate,  but  for  entirely  different 
reasons.  EE  data  for  three  different  strain  rates  is  shown  in  Rg.  16.  The  peak  intensities  for  each 
of  these  experiments  appear  below: 
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The  increase  in  EE  with  strain  rate  is  basically  linear.  Figure  16  shows  only  a  35  second  time 
interval  near  firacture,  so  that  only  a  small  porton  of  the  loading  interval  is  shown  in  the  case  of 
low  strain  rates.  For  instance,  the  total  tune  from  the  initial  application  of  the  load  to  failure  at 
0.5  %/s  (Hg.  16c)  is  approximately  180  s.  Note  that  on  the  tune  scale  shown,  the  duration  of 
fracture  at  100  %/s  (Fig.  16a)  no  more  than  a  single  channel  We  recall  that  in  the  unfilled 
material,  the  emission  mechanism  is  inidaced  by  bond  breaking.  For  a  crosslinked  elastomer  at 
slow  tear  speeds  the  total  number  of  broken  bonds  should  be  constant  However,  we  expect  the 
number  of  broken  bonds  to  increase  at  faster  strain  rates  and  crack  speeds  due  to  entanglement- 
induced  bond  breaking,  which  is  known  to  be  strain  rate  dependent  Thus  the  EE  intensities, 
although  relatively  sn^  for  unfilled  polymers,  may  provide  use^  information  about  the  extent  of 
bond  breaking. 

TIME  DEPENDENCE  OF  EE  AND  PHE  DURING  FRACTURE  (FILLED  MATERIAL) 

Because  of  the  hi^  intensities  of  both  phE  and  EE  during  the  firacture  of  metal  filled 
ULPBR,  intensity  vs  time  data  may  be  acquired  on  a  wide  range  of  time  scales.  In  Fig.  17  we 
show  detected  emissions  acquired  at  1(X)  ^channel  for  the  filled  nuuerial  (25.5%  by  weight 
average  diameter  10  |un).  Both  signals  display  a  number  of  fluctuations,  which  are  correlated  to 
some  extent  The  intensity  and  frequency  of  these  fluctuations  increase  as  the  crack  propagates 
more  rapidly.  Video  tapes  of  the  firkture  event  indicate  that  the  emission  spikes  are  not  necessarily 
assoda^  with  large  macroscopic  motions  of  the  crack  tip  but  occur  randomly  throughout  crack 
propagation.  We  suspect  that  microscopic  activity  within  the  crack  tip  is  being  modulated  in  time 
and  therefore  producing  these  spikes.  Interestingly,  the  EE  shows  a  much  larger  RMS  level  of 
modulation  thw  the  phE.  We  plan  to  perform  care^  time  correlations  of  both  these  signals  to  test 
for  stochastic  vs  non-stochastic  behavior  and  to  determine  the  degree  of  cross  correlation.  We 
have  recendy  shown  that  phE  fluctuations  from  fracture  of  epoxy  are  chaotic  in  nature  and  may  be 
related  to  the  fractal  geometry  of  the  firacture  surface  (25).  Qearly,  the  relationship  between 
micromechanical  events  at  the  crack  tip  and  FE  signals  should  be  clarified  so  that  the  FE  signals 
can  be  used  to  noonitor  these  events  during  dynamic  crack  growth.  As  mentioned  previously,  we 
have  time  resolution  "to  bum." 

CORRELATION  OF  EE  WITH  RE  (FILLED  MATERIAL) 

Another  FE  component  that  is  indicative  of  the  microdischarge  during  fiacture  is  long 
wavelength  electromagnetic  radiation  (i.e.,  radiowaves:  RE).  Figure  18  displays  typical  RE  and 
EE  during  the  firacture  of  filled  ULPBR.  A  large  proportion  of  the  EE  spikes  correspond  to  RE 
spikes,  as  can  be  seen  by  the  vertical  lines  joining  the  two  curves.  Further  evidence  of  this 
correlation  is  provided  by  coincidence  measurements  of  these  signals.  The  coincidence  data  of 
Fig.  19  was  acquired  by  using  the  RE  bursts  to  trigger  the  operwon  of  a  mutichannel  scaler  that 
then  counts  the  accompanying  EE.  The  sampling  interval  in  Fig.  19  is  10  ^s.  Each  time  an  RE 
burst  triggers  the  multichannel  scaler,  the  EE  sig^  is  added  to  the  previously  scaled  bursts.  The 
RE  elecomics  are  slow  relative  to  the  EE  electrons,  preventing  the  detection  of  the  most  intense 
portion  of  the  EE  peak.  Nevertheless,  we  see  a  distribution  which  builds  up,  clearly  in 
synchronization  with  the  RE  bursts.  This  distribution,  shown  on  a  log  scale,  indicates  that  EE 
bursts  of  ~20  ^s  duration  are  followed  by  a  long  (hundreds  of  ^)  decay.  In  work  characterizing 
the  phE  accompanying  the  peeling  of  adhesive  tapes  (17-19)  we  have  seen  similar  behavior 
associated  with  the  mini-"Ughtning  bolts"  generated  by  peeling. 
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EE  INTENSrrY  vs  FILLER  CONCENTRATION 

ITie  locus  of  fiacture  in  the  panicle  filled  nsaterial  is  such  that  increases  in  panicle 
concenmion  at  a  panicalar  size  range  results  in  increases  in  the  total  area  of  surface  detachment 
Hg.  20  shows  a  pkx  of  the  total  EE  counts/mm^  a(  san^le  cross-section  vs  the  filler  concentration 
p>y  weight).  The  EE  is  nearly  proponional  to  the  aluminum  particle  concentration  and  presumably 
is  roughly  proponional  to  the  total  area  of  inteifacial  failure  produced  by  fiacnne. 

VARYING  THE  CROSSLINK  DENSITY  OF  THE  ELASTOMER  (FILLED  MATERIAL) 

The  crosslink  density  of  the  matrix  can  influence  microscopic  aspecs  of  fracture  in  the 
filled  materiaL  In  the  ULPBR,  the  crosslink  density  can  be  varied  by  changing  the  amount  of 
isophoione  diisocyanaie  (IPDI)  added  to  the  hydroxyl  terminated  polybutadiene.  The  oxygen  of 
the  hydroxyl  group  bonds  to  the  carbon  atom  of  one  of  the  NCO  groups  on  the  IPDI,  linking  the 
monomer  units  through  the  IPDI  groups.  The  NCQ/OH  ratio  is  thus  a  measure  of  the  crosslink 
density  in  the  resultant  material.  The  larger  the  NCOA3H  ratio,  the  higher  the  crosslink  density. 

EE  from  the  fracture  of  aluminum  filled  ULPBR  with  two  NCO/OH  ratios  are  shown  in  Fig.  21 . 
The  material  with  the  higher  ratio  exhibited  a  higher  stress  and  shorter  elongation  at  failure.  The 
EE  from  the  higher  NCO/OH  material  is  consida^ly  more  inense  than  that  from  the  lower  ratio 
NCO/(^  material,  the  average  total  EE  being  285  k  and  210  Irrespectively.  We  believe  that  the 
hi^er  crosslink  density  matrix  is  associated  with  higher  strain  energy  densities  at  failure,  and  thus 
higher  crack  speeds  and  higher  rates  of  interface  separation  as  the  metal  and  polymer  surges 
snapping  apart.  This  in  turn  encourages  high»  surfiure  charge  densities  and  more  discharge 
activity.  Note  that  die  kinetics  of  die  after-emission  decay  are  nearly  identical  (parallel  on  a  log 
scale),  suggesting  that  the  crosslink  density  has  litde  effect  on  the  recombination  process. 

CONCLUSION 

We  have  shown  that  EE  during  the  separation  of  a  polymer-metal  interface  associated  with 
adhesive  Mure  is  t^ically  orders  of  magnitu^  more  intense  than  that  associate  with  cohesive 
failure  and  is  also  sdfected  by  the  amount  and  type  of  charge  on  the  resulting  surfaces.  This  charge 
may  be  the  result  of  contact  charging  at  the  interface  or  may  be  deliboruely  introduced  by  spraying 
one  of  the  surfaces  with  free  chi^. 

The  observed  FE  (EE,  pt£,  and  RE)  from  the  polymer-metal  system  is  consistent  with  a 
previously  proposed  mechanism  of  charge  separation  and  subs^uent  microdischarge  during  crack 
propagation.  The  amount,  type,  and  tinoe  dependence  (fluctuations)  of  the  emission  during  fracture 
and  dw  duration  of  the  after-emission  depend  on  factors  known  to  affect  details  of  the  fracture 
process.  EE  during  the  tensile  fracture  of  aluminum  filled  ULPBR  is  particularly  sensitive  to  the 
crack  formation  and  propagation  process.  In  the  metal  filled  material,  factors  associated  with  larger 
areas  of  detachment  and  higher  ch^e  densities  (e.g.,  increased  particle  concentration,  strain  rate, 
and  crack  velocity)  produce  large  increases  in  the  detected  emissions.  In  unfilled  materials,  factors 
that  increase  the  number  of  broken  bonds  (e.g.,  mcreased  stain  rate  and  crosslink  density  (7))  tend 
to  increase  the  emission. 

Much  work  remains  to  be  done  on  the  correlation  of  microscopic  aspects  of  the  fracture  and 
emission.  Ifigh  resolution  time-resolved  microscopy  of  the  crack-tip  during  FE  measurements  will 
be  helpful  We  are  also  exploring  improved  imaging  of  the  emission  during  crack  growth. 
Confirmation  of  ph£  due  to  microdischarges  may  be  achieved  by  spectral  measurements  on  the 
emitted  light,  sirnilar  to  our  work  with  adhesive  tape  (14).  Further  phE  measurements  on  the  filled 
material  must  be  made  with  a  cooled  photomultiplier  tube  to  reduce  the  background.  Faster  time 
scale  measurements  will  better  determine  the  nature  of  fluctuations  during  fracture  and  the  kinetics 
of  the  afrer-emission  decay.  Finally,  we  hope  to  examine  in  detail  the  influence  of  variations  in  the 
locus  of  failure  on  the  FE  using  macroscopic  surfaces  with  controlled  adhesion.  We  predia  a 
steady  increase  in  EE  and  other  FE  components  as  the  locus  of  failure  approaches  the  interface. 
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nCURE  CAPTIONS 

Fig.  1.  Diagram  a  typical  expetiinental  axiangeoaent 

Fig.  2.  EE  firom  (a)  T-peel  of  3SNFA  from  aluminum  foil  and  (b)  tensile  fracture  of 

35NFA.  Anows  in  (a)  mark  the  duration  of  the  peel  Arrow  in  (b)  marks  the  time 
of  fracture. 

Fig.  3.  EE  during  and  after  failure  of  a  butt  joint  fonned  by  pressing  35NFA  against  an 

aluminum  plate.  Failure  occurred  at  the  inttiface. 

Fig.  4.  EE  accompanying  failure  of  butt  joints  formed  by  posing  35NFA  against 

aluminum  plates  after  treating  the  3SNFA  surface  with  (a)  positive  charge  and  (b) 
negative  charge  provided  by  a  Zerosuxt  3. 

Fig.  S.  EE  accompwying  the  loading  of  a  3SNFA  sample  which  has  slipped  in  its  clamps. 

The  EE  during  the  bracketed  pordon  of  the  time  scale  in  (a)  is  shown  on  an  linear 
intensi^  scale  in  (b)  to  show  EE  bursts  during  the  emission  decay.  The  arrows  in 
(a)  indicate  the  duration  of  the  slip  event 

Fig.  6.  EE  from  the  peel  of  ULPBR  firom  (a)  stainless  steel  and  (b)  aluminum.  The  peel 

geometry  is  shown  in  the  inset  of  (a).  Arrows  indicate  the  duration  of  the  peel 
events. 

Fig.  7.  a)  EE  and  b)  phE  accompanying  the  loading  and  failure  of  c)  Al-filled  and  d) 

unfilled  ULPBR.  The  fUler  concentration  was  25.5%  by  wt;  10  |im  avg.  A1 
particle  size. 

Fig.  8.  (a)  EE,  (b)  incidence  of  fibril  tear  events,  and  (c)  load  force  during  and  after  loading 

unfilled  UIPBR  in  tension.  Arrows  in  each  diagram  indicate  the  onset  of  strain  and 
the  time  of  sample  failure. 

Fig.  9.  (a)  EE,  (b)  incidence  of  fibril  tear  events,  and  (c)  load  force  during  and  after  loading 

Al-filled  ULPBR  (  17.7%  A1  by  wt.;  10  ^  avg.  A1  particle  size)  in  tension. 
Arrows  in  each  diagram  indicate  the  onset  of  strain  and  the  time  of  sample  failure. 

Fig.  10.  SEM  micrographs  of  the  fracture  surface  of  an  Al-filled  ULPBR  (25.5%  by  wt.;  30 

^rn  avg.  A1  particle  size).  Distance  scales  are  indicated  by  the  bars  below  each 
micrograph. 

Fig.  11.  EE  during  the  loading  and  fracture  of  (a)  unnotched  and  (b)  notched  Al-filled 

ULPBR  (25.5%  by  wt;  60  )im  avg.  A1  particle  size).  Arrows  in  each  diagram 
indicate  Ae  onset  of  strain  ^  the  duration  of  macroscopic  crack  growth. 

Fig.  12.  EE  as  a  function  of  crack  velocity  during  the  fracture  of  Al-filled  ULPBR  (8.5%  by 

wt;  60  pm  avg.  A1  panicle  size). 

Fig.  1 3.  Schematic  diagram  of  the  notch  geometry  for  a  filled  elastomer  sample,  showing  the 

influence  of  crack  spe^  on  the  surface  charge  resulting  from  interfacial  failure 
between  the  filler  particles  and  elastomer  matrix. 

Fig.  14.  EE  and  phE  from  an  Al-filled  ULPBR  (8.5%  by  wt;  10  p-m  avg  A1  particle  size). 

A1  particle  size  loaded  at  a  rate  of  0.5  %/s:  (a)  EE  during  loading  and  the  first  -200 
s  afrer  failure;  (b)  EE  and  (c)  ph£  during  the  early  stages  of  loading. 
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Fig.  15.  EE  and  phE  from  an  Al-fiUed  ULPBR  (8.5%  by  wt;  10  |im  avg  A1  particle  size) 
loaded  at  a  rate  of  30  %/s:  (a)  EE  during  loading  and  the  first  s  after  failure; 
(b)  EE  and  (c)  ph£  during  loading  shown  on  a  dine  scale  con^arable  to  that  of 
Hgs.  14b  and  c.  Note  that  the  EE  detector  was  sanitated  during  the  period  of  most 
intense  emission. 

Fig.  16.  EE  from  unfilled  ULPBR  (8.5%  by  wt;  10  pm  avg  A1  particle  size)  loaded  at  a  rate 
of  (a)  100  %/s,  (b)  30  %/s,  and  (c)  0.5  %/s. 

Fig.  17.  Simultaneous  measurements  of  a)  phE  and  b)  EE  on  expanded  dme  scale  during 

fracture  of  A1  filled  ULPBR  (25.5%  by  wt;  10  pm  A1  pardcle  size). 

Fig.  18  Simultaneous  naeasurements  of  (a)  EE  and  (b)  RE  during  the  loading  of  Al-filled 

ULPBR.(8.5%  by  wt;  60  pm  avg  A1  pardcle  size)  Verdcal  lines  show 
correspondence  between  RE  bursts  ai^  periods  of  intense  EE. 

Fig.  19  Correladon  of  EE  with  RE  bursts  during  the  fracture  of  Al-filled  ULPBR  (8.5%  by 
wt;  60  pm  avg  A1  pardcle  size).  Time  taO  corresponds  to  the  arrival  of  an  RE 
burst  ^  data  corresponding  to  several  RE  bursts  have  been  summed  at  10  ps 
intervals. 

Fig.  20  Average  total  EE  per  mm^  of  sample  cross-secdon  from  the  fracture  of  Al-filled 

ULPBR  (10  pm  A1  pardcle  size)  as  a  funcdon  of  A1  pardcle  ceniradon. 

Fig.  21.  EE  following  fracture  of  two  Al-fiUed  ULPBR  (25.5%  by  wt;  30  pm  A1  panicle 
size)  samples  with  different  crosslink  densides:  NCO/OH  a  1.35  and  NCO/OH  » 
1.02. 
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EE  from  Uncrosslinked  Poly  butadiene  Slipping  in  Clamps 
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IV.  PRODUCTION  AND  PROPERTIES  OF  EJECTA 
RELEASED  BY  FRACTURE  OF  MATERIALS 


E.  E.  DouMsm,  J.  .T.  Didtfauoa,  aad  S.  K.  Bhattacharya 
DapartHcat  of  Physics 
WashiagtoB  State  UaiTcrsity 
Pallteaa,  WA  991d4>2814 


ABSTRACT 


We  have  examiiied  ejecta  (paiticies  in  the  size  range  0.1  to  500  um)  which  are 
released  by  fracture  of  a  variety  of  materials.  The  ejecta  from  most  non- 
metallic  materials  are  electrically  chaxged  and  frequendy  have  high  velocities. 

The  amount  of  ejecta  produced  depends  on  the  material  and  the  conditions  of 
fracture.  For  unfilled,  glassy  polymers  the  qecta  are  produced  in  regions  of 
fast-hackled  fracture.  Detailed  measurements  have  been  made  on  the  ejecta 
mass  and  size  distributions  from  the  fracture  of  composites.  From  these 
measurements  the  total  particle  surface  areas  can  be  estimated  and  are  found 
to  be  comparable  to  or  greater  than  the  cross-sectional  area  of  the  fractured 
samples.  Thus,  the  ejecta  should  be  a  consideration  in  the  walysis  of  surface 
enei^  and  other  parameters  from  fractographical  analysis. 

Keywords:  Fracture,  Ejecta,  Fluff,  Fragmentation,  Polymers,  Composites,  Epoxy, 
PEEK,  Graphite. 


The  fracture  of  a  range  of  materials  in  several  fracture  geometries  causes  the  ejection  of 
visible  particles.  For  example,  in  previous  studies  of  fracto-emission^  we  noted  that  the  front 
surfaces  of  our  particle  detectors  (electron  multipliers)  accumulated  tiny  particles  which  clearly 
originated  from  the  fracture  zone.  We  decided  to  study  the  nature  and  origin  of  macroscopic 
particles  arising  from  fracture,  in  particular  those  lying  in  size  range  from  0.1  to  SOO  jim.  We 
refer  to  these  particles  as  ejecta  following  the  precedent  of  Asay  who  applied  this  name  to  the 
particles  ejected  by  shock  waves.^ 

Ejecta  from  the  fracture  of  materials  have  been  studied  previously.  Sharpe  and  Logioco 
photographed  ejecta  arising  from  the  failure  of  lap  shear  specimens  made  of  polycarbonate 
bonded  with  an  acrylic  adhesive.^  They  pointed  out  that  such  ejecta  could  be  of  importance  in 
any  consideration  of  the  fractography  of  the  system;  i.e.,  missing  components  of  the  original 
fracture  surface. 

In  shock  loaded  materials,  Asay^  measured  the  mass  and  velocities  of  the  ejecta 
produced  when  the  shock  wave  emerges  from  the  back  side  of  a  sample.  In  the  case  of  porous 
tungsten  samples  the  ejecta,  having  a  mass  of  many  milligrams,  were  shown  to  have  significant 
momentum.  Grady  and  Benson  fragmented  aluminum  and  copper  rings  by  loading  them 
electromagnetically^  so  that  they  expanded  radially,  thereby  failing  in  tension.  These  authors 
observed  fragments  in  the  size  range  from  0.1  to  1.0  g  and  found  that  the  highest  strain  rates 
produced  the  smallest  fragments. 

In  an  unusual  study  involving  considerably  larger  fragments,  Kabo,  Goldsmith,  and 
Sackman^  examined  the  impact  of  several  kinds  of  massive  projectiles  on  rocks.  These 
investigators  used  photography  to  determine  that  the  rock  fragments  produced  by  impact  had 
velocities  which  ranged  up  to  350  m/sec.  In  one  series  of  experiments  20  and  40  mm  cannons 
were  mounted  on  a  U.S.  Army  M-47  tank  and  fired  at  the  nearly  vertical  shale  walls  of  an  open 
pit  mine.  Some  fragments  were  collected  near  the  point  of  impact  on  polyethylene  sheets  spread 
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on  the  floor  of  the  mine.  Other  unanalyzed  fragments  were  found  within  a  radius  of  lOO  m 
from  the  target 

Furthermore,  there  is  considerable  concern  that  ejecta  may  result  in  the  formation  of  a 
belt  of  particles  in  orbit  around  the  earth^.  A  large  portion  of  this  ejecta  is  produced  from  the 
breakup  of  earth  satellites,  explosions  in  space,  and  collisions  between  existing  fragments  and 
space  vehicles.  Satellites  can  be  navigated  to  avoid  the  largest  fragments,  but  smaller  particles 
cannot  be  detected,  and  thus  constitute  a  potential  hazard  to  astronauts  and  space  vehicles.  As 
such  particles  continue  to  accumulate,  an  impassable  belt  may  build  up  and  render  defense  and 
scientific  space  systems  inoperable  in  a  few  decades. 

In  addition  to  the  above,  ejecta  from  catastrophic  fracture  may  have  other  implications 
and,  in  some  cases,  cause  injury.  An  example,  eye  injuries  can  result  from  the  ejection  of  tiny 
chips  of  glass  due  to  fracture  of  glass  corrective  lenses.  In  large  accidents,  the  optical 
absorption  from  high  volumes  of  ejecta  could  be  a  danger  in  certain  circumstances.  Also,  the 
sudden  release  of  large  quantities  of  conducting  fibers  (e.g.,  graphite)  due  to  an  airplane  crash, 
etc.  near  high  voltage  transformers  has  been  considered  a  possible  hazard.  In  failure  analysis,  in 
the  assessment  of  accidents,  explosions,  and  criminal  acts  (where  some  form  of  fracture  has 
occurred),  examination  of  ejecta  may  provide  additional  clues  as  to  the  cause  and/or  sequence 
of  events. 

In  the  studies  of  fracture  induced-ejecta  presented  here,  we  concentrate  on  the  small 
fragments,  arbitrarily  choosing  those  with  mass  <  0.1  mg.  The  larger  fragments,  few  in  number, 
are  commonly  known  to  fracture  scientists  and  are  clearly  attributable  to  crack  bifurcation. 

Here  we  describe  the  results  of  a  survey  designed  to  reveal  what  types  of  materials  release 
microscopic  ejecta  due  to  fracture.  This  survey  showed  that  ejecta  are  produced  by  the  fracture 
of  many  materials  in  several  fracture  modes  and/or  specimen  geometries.  Subsequently,  we 
examine  in  more  detail  some  of  the  properties  of  ejecta  from  graphite-epoxy  composites, 
including  measurements  of  the  total  quantity  of  material  released,  the  size  distributions  of  the 
ejecta,  the  general  morphology  of  the  particles,  the  presence  of  electrical  charge  on  the  ejecta. 
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and  their  kinetic  energies.  Finally,  we  also  examine  the  ejecta  from  PMMA  and  unfilled  epoxy 
in  relation  to  features  characterizing  crack  growth  in  these  materials. 

II.  EXPERIMENTS  AND  RESULTS 

A.  Survey  of  Fracture  Induced  Ejecta 

In  order  to  determine  the  prevalence  of  ejecta,  we  began  by  fracturing  a  variety  of  pure 
and  composite  materials  in  several  sample  geometries.  In  many  tests,  a  catcher  of  aluminum  foil 
(called  our  "ejecta  collecta”)  was  placed  under  and  around  the  fracture  zone.  For  eye  safety, 
plastic  goggles  were  worn  during  the  tests  (called  our  "ejecta  protecta").  After  fracture,  the 
larger  fragments  (>lmm  dimensions)  were  removed  from  the  catcher  and  the  remaining 
("correcta”)  ejecta  were  weighed  in  a.  Cahn  microbalance.  The  masses  given  in  Table  I  have 
been  normalized  by  division  by  the  original  cross-sectional  areas  of  the  unfractured  samples.  In 
Table  I,  "visible"  indicates  that  the  collector  showed  ejecta  visible  to  the  naked  eye  under 
oblique  lighting.  The  blank  spaces  in  Table  I  indicate  that  no  experiment  was  done  for  that 
particular  material  and  geometry.  Our  general  observations  as  a  result  of  this  survey  are  as 
follows: 

1)  A  wide  range  of  materials  produce  detectable  or  measurable  ejecta  when  fractured  in 
several  different  geometries. 

2)  The  only  exceptions  to  this  general  result  are  adhesives  and  elastomers  with  T^  < 

For  example,  unfilled  and  particulate  filled  elastomers  yield  almost  no  ejecta  when 
fractured  in  tension  at  relatively  low  strain  rates  and  at  room  temperature.  Similarly,  the 
peeling  of  simple  adhesives  produced  no  measurable  ejecta  at  room  temperature.  To 
date,  we  have  not  investigated  these  materials  at  low  temperatures  (below  T^)  or  at  very 
high  strain  rates;  these  conditions  would  be  more  likely  to  produce  ejecta. 
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3)  When  nonisotropic  materials  were  fractured  in  the  "strong”  direction  they  produced  more 
ejecta  than  when  they  were  broken  in  the  "weak”  direction.  For  example,  for  uniaxial 
graphite  fiber-epoxy  composites  (Table  I),  the  ejecta  yield  is  at  least  twice  as  great  when 
tension  is  along  the  fibers  (0*  orientation)  vs  normal  to  the  fibers  (90*  orientation). 

4)  When  graphite-epoxy  composites  were  fractured  in  three  point  bending  geometry  the 
ends  split  due  to  delamination.  We  found  that  the  split  ends  of  these  samples  which 
were  far  from  the  region  of  maximum  tension  but  experiencing  significant  shear  forces, 
were  strong  emitters  of  ejecta. 

5)  Unnotched  samples  (therefore,  storing  higher  strain  energy  when  stressed)  produced 
more  than  ten  times  the  mass  of  ejecta  as  compared  to  notched  samples.  This  point  is 
explored  in  more  detail  in  Section  E. 

B.  Properties  of  Ejecta  from  Graphite  Fiber- Epoxy  Composites 

A  more  detailed  analysis  was  made  of  the  ejecta  from  the  fracture  of  uniaxial  graphite 
fiber-epoxy  composites  which  were  relatively  strong  ejecta  emitters.  The  specimens  were  made 
from  Union  Carbide  Thornel  300  graphite  fibers  and  NARMCO  5208  epoxy  resin.  Three  point 
bending  experiments  were  done  using  16-piy  material  having  a  sample  cross-section  of  2.4  \  6 
mm.  Tension  experiments  used  2-ply  samples  of  the  same  material  with  a  cross-section  of  0.3 S 
X  6  mm  with  the  fibers  aligned  either  along  the  tension  direction  (0*  orientation)  or 
perpendicular  to  this  direction  (90*  orientation).  The  thinner  material  was  used  for  the  tensile 
experiments  due  to  limitations  on  our  straining  device. 

Figures  1  and  2  show  SEM  photographs  of  the  end  and  side  views  of  this  composite.  Fig 
1  is  a  polished  and  etched  cross  section  of  the  specimen  which  reveals  the  distribution  of  the 
fibers  in  the  matrix.  Fig.  2  is  a  side  view  of  the  fibers  on  a  fracture  surface  of  a  0*  specimen 
loaded  to  failure  in  a  three  point  flexure.  For  size  reference  note  that  the  graphite  fibers  are 
approximately  7  ym  in  diameter.  Fig.  2  shows  that  after  fracture,  the  graphite  fibers  and  the 


columns  of  epoxy  matrix  are  covered  with  epoxy  scales  which  sometimes  exhibit  evidence  of 
plastic  flow,  shown  enlarged  in  Fig.  3.  These  photographs  suggest  that  the  dominant  composite 
failure  mode  is  cohesive  fracture  through  both  matrix  and  fibers,  although  failure  along  the 
fiber-epoxy  interface  does  occur  to  some  extent. 

Figures  4-6  are  micrographs  of  the  ejecht  produced  when  the  composite  failed  in  three 
point  flexure.  The  optical  micrograph  in  Fig.  4  is  a  general  view  of  ejecta  and  shows  single 
graphite  fibers,  multiple  fiber  bundles,  and  smaller  particles.  It  can  be  seen  that  some  of  the 
fibers  appear  clean  and  that  others  have  scales  or  chips  of  the  matrix  attached.  Fig.  S  is  a  low 
magnification  SEM  micrograph  of  typical  ejecta,  again  revealing  a  range  of  ejecta  morphology. 
Fig.  6  shows  a  typical  aggregation  or  clump  of  fibers  and  flakes  of  epoxy  which  presumably 
formed  after  ejection  due  to  agglomeration  of  individual  ejecta  particles. 

The  ejecta  morphology  exhibited  in  these  micrographs  is  consistent  with  the  fracture 
surface  shown  in  Fig.  2;  that  is,  the  micrographs  show  pieces  of  epoxy  adhering  to  the  graphite 
fibers  and  also  very  finely  divided  epoxy  particles.  Again,  these  observations  are  consistent 
with  failure  that  is  largely  via  disruptive  cohesive  fracture  of  the  epoxy  and  graphite  fibers. 

1.  Total  Mass  of  Ejecta.  To  determine  the  total  mass  of  the  ejecta,  we  placed  an 
aluminum  foil  catcher  under  the  sample  and  weighed  the  ejecta  in  a  microbalance.  Our 
findings  were: 

(a)  For  90*  orientation  (fibers  perpendicular  to  tensile  axis)  we  collected,  on  the  average,  0.5 

2 

}ig/  ram  of  sample  cross-section.  This  is  the  "weak*  direction  of  reinforcement. 

(b)  For  0*  orientation  (fibers  parallel  to  tensile  axis)  we  collected,  on  the  average,  2  }ig/mm“ 
of  sample  cross-section.  This  is  the  “strong"  direction  of  reinforcement  and  yields 
significantly  greater  quantities  of  ejecta. 

2.  Size  and  Morphology  of  Ejecta.  Because  the  ejecta  exhibit  a  diversity  of 
composition,  shapes,  and  sizes,  a  single  size  distribution  which  would  represent  all  of  these 
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particles  could  not  be  obtained.  We  resolved  the  problem  by  counting  all  of  the  fiber- 
containing  particles  as  single  fiben.  Separately  we  counted  the  other  particles,  which  consisted 
mostly  of  epoxy,  as  matrix  ejecta. 

Under  this  simplifying  classification  we  were  able  to  measure  the  lengths  of  the  graphite 
fibers  and  fiber  bundles  in  an  optical  microscope  because  the  graphite  fibers  are  easy  to 
identify  by  their  black  appearance.  The  length  distributions  of  these  graphite  fibers  and  fiber 
bundles  arising  from  four  different  fracture  geometries  are  shown  in  Fig.  7.  In  determining  all 
of  these  size  distributions  we  used  a  geometric  progression  of  particle  size  ranges.  The  points 
plotted  in  each  case  show  the  percentage  frequency  distribution^  vs  particle  size. 

Because  the  ejecta  composed  of  matrix  material  were  very  small  and  because  they  tended 
to  form  clusters  or  to  cling  to  fibers,  we  produced  SEM  photographs  which  allowed  the  size  of 
individual  particles  to  be  measured.  Even  though  the  matrix  ejecta  are  very  irregular  in  shape, 
an  effective  diameter  was  calculated  for  each  particle  by  taking  the  average  of  its  length  and 
width.  Fig.  8  shows  this  effective  diameter  distribution  for  matrix  ejecta  resulting  from  four 
different  fracture  geometries. 

The  size  distributions  of  the  matrix  particles  in  Fig.  8  are  quite  similar  for  three  point 
flexure  and  tensile  fracture.  This  is  probably  due  to  the  fact  that  in  three  point  bending,  front 
layers  of  the  composite  fail  in  tension  in  a  manner  similar  to  tensile  specimens^t  the  same  local 
stress  levels.  Compression  loading  of  the  back  side  of  the  sample  would  play  a  small  role  in 
producing  ejecta.  In  contrast,  the  fiber  ejecta  show  size  distributions  dependent  on  fracture 
geometry  (Fig.  7).  Note  that  for  the  fracture  of  the  2-ply  material  in  tension  the  fiber  ejecta 
are  much  shorter  than  for  other  geometries. 

Examination  of  Fig.  1  shows  that  the  average  width  of  the  matrix  filled  channels 
between  fibers  is  10  to  20  jim.  However,  the  mean  matrix  ejecta  size  (from  Fig.  8)  is  only  1 
^m.  We  know  that  the  fibers  in  this  composite  are  well  bonded  to  the  matrix  because  we  find 
scales  of  epoxy  attached  to  the  graphite  fibers  following  fracture.  In  composites  with  well 
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bonded  fibers,  failure  is  initiated  by  fiber  fracture.  Apparently  when  these  fibers  fail  they 
cause  a  very  disruptive  fracture  of  the  matrix  leading  to  the  release  of  small  matrix  ejecta. 

3.  Surface  Area  of  Ejecta.  Having  obtained  the  total  mass  and  size  distribution  of  the 
ejecta,  we  can  estimate  the  total  particle  surface  area  for  two  extreme  cases  where  we  assume 
that  all  of  the  ejecta  are  matrix  particles  or  that  ail  of  the  ejecta  are  fiber  particles.  Let  us 
examine  the  case  of  "all  matrix"  particles  and  choose  the  size  distribution  from  three  point 
bending  and  0"  orientation  of  fibers  (Fig.  S  ).  Assuming  that  the  particles  are  spheres,  the 
calculated  specific  surface  area  of  the  ejecta  is  8.2  x  10^  mm^/g.  Table  I  shows  an  average  of 
IS  Jig  of  ejecta  from  the  fracture  of  such  a  sample  with  a  cross-  section  of  7.35  mm^.  This 
quantity  of  ejecta  would  therefore  have  a  surface  area  of  at  least  12  mm^,  which  is  comparable 
to  the  sample’s  cross-section. 

A  different  result  is  calculated  in  the  "all  fiber"  assumption.  Because  the  specific 
surface  area  of  ejecta  in  the  form  of  fibers  (assumed  to  be  smooth  cylinders)  is  about  5  x  10^ 
mm^/g,  the  same  mass  of  ejecta  would  have  an  area  of  only  0.1  mm^  if  composed  solely  of 
fibers. 

The  assumptions  made  in  the  calculated  surface  areas  for  ejecta  from  graphite  fiber- 
epoxy  should  in  most  cases  lead  to  underestimates.  As  evidence,  we  first  note  that  the  SEM 
photographs  show  that  the  ejecta  are  not  cylindrical  and  spherical  in  shape  but  are  extremely 
rough  and  irregular  and  therefore  have  surface  areas  considerably  larger  than  we  calculate. 
Second,  the  total  ejecta  mass  measurements  are  low  because  some  of  the  high  energy  ejecta 
components  escape  collection.  Finally,  as  we  later  describe,  the  trapping  of  ejecta  in  and 
around  the  crack  occurs;  i.e.,  considerably  more  ejecta  are  created  than  released.  All  of  these 
effects  conspire  to  guarantee  that  the  calculated  areas  are  much  lower  than  the  actual  areas. 


47 


C.  Size  Distributions  of  Ejecta  Front  Fracture  of  Filled  and  Unfilled  PEEK 

For  a  comparison  with  the  results  reported  under  Section  B,  we  measured  the  total  mass 
and  the  size  distribution  of  ejecta  arising  from  the  tensile  fracture  of  polyether  ether  ketone 
(PEEK).  This  material  was  originally  formed  by  injection  molding  PEEK  either  unfilled  or 
filled  30%  by  weight  with  short  carbon  fibers  averaging  80  jim  in  length.  Dog  bone  shaped 
samples  were  tested  in  tension. 

Fig.  9  is  a  plot  of  the  size  distribution  of  ejecta  from  the  PEEK  composite.  Matrix 
ejecta  from  filled  or  unfilled  PEEK  have  a  mean  diameter  of  10  jim  which  is  about  an  order  of 
magnitude  larger  than  the  diameter  of  epoxy  matrix  ejecta  (Fig.  8).  This  can  be  attributed  to 
the  greater  fracture  toughness  of  PEEK  in  comparison  to  epoxy.  We  note  that  the  mean  length 
of  the  fiber  ejecta  from  the  PEEK  composite  was  approximately  60  jim  which  is  very  close  to 
the  mean  length  of  the  original  fibers.  Thus,  the  release  of  essentially  unbroken  fibers  upon 
fracture  is  due  to  the  fact  that  these  fibers  are  shorter  than  the  critical  length  associated  with 
this  particular  PEEK/fiber  interface. 

Further  evidence  of  a  fairly  weak  interface  was  seen  in  SEM  photographs  (not  included) 
which  show  extensive  fiber  pullout  during  fracture  of  the  PEEK  composite.  Th>  the  weaker 
interface  and  tougher  matrix  make  the  fracture  of  carbon  fiber- PEEK  composite  differ  greatly 
from  the  failure  of  the  epoxy  composite. 

D.  Studies  of  Electrical  Charges  on  Ejecta 

As  we  have  noted  earlier,  we  frequently  found  the  fine  ejecta  particles  clumped  together 
in  the  form  of  large  aggregates  (e.g..  see  Fig.  6)  suggesting  that  perhaps  electrostatic  forces  were 
present.  (A  dramatic  example  of  the  aggregation  of  ejecta  particles  was  experienced  by  those  oi 
us  in  Eastern  Washington  on  May  18,  1980,  a  few  hours  after  the  eruption  of  Mt.  St.  Helens. 
The  ash  created  during  the  rhyolitic  explosion  which  began  falling  in  Pullman,  Washington 
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approximately  6  hours  after  the  eruption  was  highly  aggregated,  probably  due  to  electrostatic 
attraction  of  the  charged  particles.^} 

We  examined  the  electric  charge  on  fracture- induced  ejecta  in  two  different  ways.  In 
the  first  experiments  we  fractured  composite  specimens  in  tension  between  parallel  vertical 
plates  at  potentials  ±2  kV,  respectively.  The  plates  each  had  an  area  of  IS  cm^  and  they  were 
separated  by  2.4  cm  creating  a  nearly  uniform  field  to  minimize  polarization  forces  due  to  field 
gradients.  Most  of  the  ejecta  experienced  significant  deflection  and  were  collected  on  the 
plates.  We  sought  but  did  not  find  any  segregation  of  particular  types  of  particles  by  charge 
sign;  i.e.,  fiber  fragments  were  not  separated  from  the  matrix  fragments  on  oppositely  charged 
plates.  This  indicates  that  the  ejecta  composed  primarily  of  matrix  material  or  primarily  of 
fiber  material  carry  charge  of  either  sign.  Such  a  mixture  of  charge  would  encourage  the 
aggregation  or  the  clumping  observed. 

We  also  used  three  point  flexure  to  launch  ejecta  toward  metal  collector  plates  connected 
to  an  electrometer  thereby  measuring  the  total  net  charges  on  the  ejecta.  We  found  that 
individual  ejecta  or  ejecta  showers  usually  carried  net  charges  of  approximately  10“*^  C  and 
that  net  integrated  charge  on  ejecta  produced  by  the  complete  fracture  of  a  sample  several  mm“ 
in  cross-section  was  in  the  range  of  10"*^  to  10"*^  C.  It  should  be  emphasized  that  the 
detection  of  charges  of  both  signs  implies  that  the  quantity  of  charge  of  each  sign  is  likely  to 
be  considerably  larger  than  the  net  value  and  that  larger  individual  ejecta  also  carry  patches  of 
charge  of  both  signs. 

We  might  expect  that  the  ejecta  should  be  charged  for  a  number  of  materials.  When 
fracture  occurs  in  piezoelectric  materials,  those  containing  a  high  density  of  charged  point 
defects,  and  specimens  involving  interfaces  between  dissimilar  materials,  we  find  that  the  newK 
created  surfaces  contain  patches  of  tcharge.  This  charge  separation  is  particularly  intense  in  the 
interfacial  failure  case,  e.g.  graphite  and  epoxy.  Electrostatic  discharges  which  occur  during 
fracture  frequently  redistribute  the  charges  in  a  variety  of  sign/density  patches.  Thus  the  ejecta 
can  carry  substantial  charges  of  either  sign.  It  is  likely  that  electrostatic  forces  due  to  these 
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charge  patches  play  a  role  in  the  subsequent  behavior  and  trajectories  of  the  ejecta  as  well, 
although  the  kinetic  energies  of  the  ejecta  come  predominantly  from  the  release  of  mechanical 
energy. 


E.  Velocity  of  Ejecta 

When  uniaxial  graphite  fiber-epoxy  composites  are  deformed  in  three  point  flexure  (with 
the  fibers  aligned  along  the  tensile  direction),  the  rapid  failure  of  the  outer  plies  is  accompanied 
by  an  easily  detectable  acoustic  emission  (A£)  burst.  Thus  an  AE  transducer  can  be  used  to 
detect  the  time  these  failure  events  occur  to  within  a  few  microseconds.  The  charged  ejecta 
which  are  released  at  fracture  can  be  made  to  pass  through  two  parallel  grids  where  they  induce 
detectable  electrical  signals  in  the  form  of  pulses.  We  used  the  AE  signal  to  start  a  time 
measurement  and  the  electrical  pulses  to  signal  the  arrival  of  ejecta  at  the  grids.  The  signal 
from  the  first  grid  told  us  that  the  ejecta  are  released  in  a  short  time  (t  <  1  ms)  after  the 
fracture  event  and  the  signals  from  the  first  and  the  second  grids  told  us  that  at  least  some 
ejecta  travel  at  SO  m/s  in  air.  Calculations  based  on  Stokes'^  law  show  that  small  spherical 
particles  with  diameters  less  than  5)tm  would  travel  horizontally  less  than  1  cm  in  still  air  even 
if  launched  at  initial  speeds  of  100  m/sec.  Lower  speeds  or  irregular  shapes  would  result  in  a 
smaller  range.  Thus,  the  charged  ejecta  whose  velocity  were  measured,  must  necessarily  have 
been  the  larger  fragments. 

In  spite  of  this  air  drag,  one  particularly  strong  epoxy  sample  produced  ejecta  with 
sufficient  kinetic  energy  to  make  50  visible  indentations  in  the  aluminum  foil  (0.0 IS  mm  thick) 
which  we  used  as  a  catcher,  demonstrating  that  these  fragments  can  have  considerable 


momentum. 
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F.  ComlatloB  of  E]ccU  with  Frocturo  Surfoco  Roughocss  io  Glauy  Polymers 

In  glassy  materials,  the  nature  of  the  fracnire  surfaces  created  is  governed  by  the  crack 
velocity.  Slow  crack  growth  produces  smooth  mirror- like  surfaces;  intermediate  speed  produces 
*mist”  or  lightly  rippled  surfaces;  fast  fracture  produces  very  rough  or  "hackled”  surfaces  which 
result  from  crack  bifurcation  i^d  branching.  When  we  examined  the  ejecta  from  PMMA 
and  neat  epoxy  [Epon  828/Z  Hardener]  under  a  stereo  microscope  we  identified  particles  in  the 
shape  of  flakes  and  fibrils  and  saw  other  finely  divided  unresolved  material.  The  hackled 
fracture  surfaces  of  PMMA  and  epoxy  displayed  potential  ejecta  having  a  similar  appearance  in 
a  wide  range  of  sizes,  shapes,  and  strengths  of  attachment  to  the  surface.  A  typical  fast 
fracture  surface  for  an  unfilled  epoxy  showing  these  surface  features  is  seen  in  Fig.  10.  We 
found  that  some  of  the  particles  were  very  loosely  attached  and  could  be  dislodged  by  a  blow  to 
the  back  of  the  sample.  These  loose  particles  are  ejecta  which  were  trapped  in  the  crack  and 
remain  bound  to  the  surfaces.  More  tightly  attached  particles  could  be  lifted  off  with  adhesive 
tape.  Even  after  tape  had  been  peeled  from  the  fracture  surfaces  they  continued  to  hold  flakes 
and  fibrils  which  were  firmly  attached  by  one  end. 

A  related  observation  was  made  on  tensile  fracture  specimens  of  center  notched  samples 
of  PMMA.  Following  the  fracture,  we  microscopically  examined  the  smooth  faces  of  the 
sample  adjacent  to  a  fresh  crack  (i.e.,  in  the  region  of  the  dashed  lines  in  Fig.  11).  Electrostatic 
charges  on  the  ejecta  and/or  the  surfaces  caused  the  ejecta  to  be  attracted  to  and  captured  by 
these  surfaces.  These  finely  divided  ejecta  were  always  concentrated  near  the  rough  or  hackled 
fracture  region,  whereas  very  few  ejecta  were  found  near  the  mirror  surfaces. 

The  above  observations  indicate  a  clear  positive  correlation  between  ejecta  and  hackled 
fracture.  To  provide  further  evidence  of  this  association  we  weighed  the  ejecta  produced  by- 
fracture  initiated  under  different  conditions.  For  example,  unnotched  tensile  samples  of  epoxy 
were  made  with  a  smoothly  tapered  central  section  so  that  they  would  have  little  stress 
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concentration  and  high  elastic  energy.  Such  samples  were  of  high  strength  and  they  fractured 
by  rapid  crack  growth  producing  very  rough,  hackled  fracture  surfaces.  Notched  samples  were 
prepared  with  cuts  by  broad  and  narrow  saw  blades.  These  notches  caused  higher  stress 
concentration  with  failure  at  less  elongation.  This  resulted  in  slower  crack  growth  and  smooth 
fracture  surfaces.  We  cleaned  the  samples  before  fracture  to  remove  chips  or  dust  caused  by 
shaping  them.  Because  manipulation  of  the  samples  produced  surface  charge,  we  electrically 
neutralized  them  by  brief  exposure  to  the  plasma  above  a  propane  flame  just  before  they  were 
tested,  thereby  reducing  electrostatic  retrapping  of  the  ejecta. 

The  fracture  of  unnotched  samples  always  produced  rough  hackled  surfaces  and  more 
than  30  pg/mm^  of  ejecta  (after  the  very  large  fragments  were  removed).  In  contrast,  fracture 
of  the  samples  with  narrow  saw  notches  produced  smooth  surfaces  with  much  less  total  ejecta 
mass.  The  weakest  samples  with  narrowest  saw  notches  produced  only  O.S  ^g/mm^  of  ejecta,  all 
of  which,  were  very  small  particles.  Samples  with  wider  saw  notches  produced  an  intermediate 
quantity  of  ejecta,  averaging  1.3  jig/mm^  of  surface  area.  Thus,  for  glassy  polymers  such  as 
PMMA,  conditions  encouraging  fast  crack  propagation  clearly  encourage  ejecta  production.  In 
viscoelastic  materials,  this  would  correspond  to  more  brittle- like  behavior.  Therefore,  we 
anticipate  that  low  temperature  fracture  and/or  high  strain  rate  loading  of  polymers,  including 
elastomers,  would  enhance  the  production  of  ejecta. 

G.  Mechanisms  for  Fracture  Induced  Ejecta 

During  rapid  crack  growth  in  glassy  polymers,  microcracks  and  voids  form  ahead  of 
the  crack  tip.  As  the  crack  tip  advances,  the  crack  may  branch  or  bifurcate  along  these 
microcracks.* Similarly,  in  inorganic  materials  such  ai  glass,  ceramics,  and  even  single 
crystal  brittle  materials,  such  bifurcation  can  occur. The  multiple  cracks  may  grow  around 
large  or  small  regions  of  the  sample  frequently  arresting  a  small  distance  from  the  dominant 
crack.  Thus  free,  lightly  bound,  and  securely  attached  flakes  or  projecting  structures  are 
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produced  on  the  fracture  surfaces.  In  polymers,  material  between  microcracks  may  still  remain 
under  tension  and  be  drawn  plastically  to  produce  fibrils  which  are  frequently  observed  in  the 
region  of  hackled  fracture.  In  general,  the  fracture  of  brittle  materials  can  produce  a  variety  of 
particle-like  protuberances  in  a  number  of  shapes  and  sizes  with  varying  degrees  of  attachment 
to  the  surfaces  ranging  from  completely  free  to  firmly  bound.  Similarly,  in  composites,  the 
inhomogeneities  cause  crack  paths  to  have  extremes  of  crack  bifurcation  and  branching,  again 
creating  numerous  "near  fragments*  attached  to  the  surface. 

When  a  material  is  fractured  there  is  a  sudden  release  of  strain  energy.  This  sends 
mechanical  release  waves  toward  the  gripped  ends  of  the  sample  where  they  reflect  back  to  the 
fracture  zone.  Fragments  on  the  fracture  surfaces  which  are  partially  detached  by  crack 
bifurcation  can  be  ejected  with  momentum  imparted  by  the  wave. 

Choosing  PMMA  as  a  model  material  and  a  sample  size  of  a  few  mm  in  length,  the  wave 
would  return  to  the  fracture  surfaces  in  1  to  10  jis.  We  can  write  the  characteristic  equation  for 
small  amplitude  acoustic  waves  in  the  form:^^ 

^  u  ■ 

where  A  u  is  the  particle  velocity  and  Ap  the  pressure  increase  produced  when  the  material 
fails.  We  set  ^p  equal  to  the  tensile  stress  nf  PMMA  (-  60  MPa).  For  the  density  we  take  1.2 
X  10^  kg/m^,  and  for  the  speed  of  sound,  c  -  2500  m/s.  The  calculated  particle  velocity,  A  u,  is 
then  20  m/s.  When  the  reflected  wave  returns  to  the  fracture  surface,  the  free  surface  velocity 
is  twice  this  value,  i.e.,  40  m/s.  Assuming  perfect  coupling  between  the  surface  and  partially 
attached  fragments,  the  resulting  ejecta  could  have  final  velocities  of  this  magnitude.  Focusing 
of  the  mechanical  waves  could  produce  even  higher  ejecta  velocities,  for  example  at  edges, 
corners,  and  other  anisotropic  features.  This  calculated  velocity  is  consistent  with  the 
velocities  of  larger  ejecta  which  we  report  above. 


53 


Only  some  of  these  released  particles  actually  escape  with  these  higher  velocities.  Others 
undergo  wall  collisions  inside  the  crack  and  are  trapped  at  the  walls  by  electrostatic  or  van  der 
Waals  forces,  and  are  frequently  observed  under  the  microscope.  One  would  expect  that 
electrostatic  attraction  and/or  repulsion  caused  by  patches  of  charge  would  also  play  a  role  in 
altering  the  trajectories  of  ejecta. 

m.  CQKCLUSIQNS 

Fracture- induced  ejecta  are  produced  when  a  variety  of  materials  are  broken  in  several 
modes  of  fracture.  In  a  preliminary  survey  we  have  identified  only  a  few  materials  such  as 
elastomers  and  simple  adhesives  which  do  Qst  produce  observable  fracture-induced  ejecta  at 
room  temperature.  Within  a  class  of  materials,  the  strongest  samples  yield  the  greater  mass  of 
ejecta.  A  geometry  or  a  material  which  stores  greater  amounts  of  strain  energy  before  failure 
will  produce  the  greater  mass  of  ejecta,  emphasizing  the  importance  of  ejecta  in  the  failure  of 
strong  and/or  tough  materials.  Reinforced  materials  such  as  the  graphite  epoxy  composite  are 
copious  sources  of  ejecta  due  to  the  high  strain  energies  stored  in  the  fibers. 

The  surface  area  of  fracture- induced  ejecta  may  be  greater  than  the  cross-sectional  area 
of  the  fractured  sample  and  thus  ejecta  should  be  considered  in  any  description  of  fracture  for 
most  materials.  High  strength  materials  yield  the  most  finely  divided  ejecta  with  high  surface 
areas. 

The  ejecta  from  the  nonmetallic  materials  and  composites  were  found  to  be  highly 
charged.  One  interesting  question  arises  concerning  the  role  such  ejecta  might  play  in  inducing 
electrical  breakdown  if  a  fracture  event  occurred  near  high  voltage  gaps. 

The  relatively  prompt  release  of  the  ejecta  and  the  observed  velocities  are  consistent 
with  a  mechanism  involving  the  reflection  of  the  release  wave  created  during  fracture.  The 
reflected  wave  imparts  to  the  free  surface  a  particle  velocity  which  can  couple  mechanically  to 
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semi-attached  fragments  and  thereby  release  them.  Comen  and  edges  are  likely  points  of 
higher  amplitude  waves  and  therefore  higher  particle  velocities. 

When  pure  polymen  fracture  in  tension  the  ejecta  arise  primarily  from  the  regions 
corresponding  to  hackled  surfaces.  These  surfaces  contain  numerous  'chunks*  which  are  more 
likely  to  be  released.  In  a  viscoelastic  material*  these  hackled  regions  correspond  to  more 
brittle-like,  higher  velocity  fracture.  We  anticipate  that  low  temperature  fracture  and/or  high 
strain  rate  loading  would  enhance  the  production  of  ejecta.  It  should  be  emphasized  that  the 
degree  of  crack  bifurcation  and  branching  is  expected  to  increase  with  the  total  strain  energy 
released  during  fracture.  Likewise,  the  amplitude  of  the  reflected  waves  would  increase  with 
the  strain  energy  stored  in  the  specimen.  Therefore,  one  would  expect  a  strong  correlation 
between  strain  energy  and  quantity  of  ejecta  released.  Furthermore,  any  fractographic  analysis 
of  surface  energy  must  take  into  account  the  fact  that  a  large  portion  of  the  surface  area  carried 
away  by  the  ejecta  is  created  at  the  time  of  fracture  and  should  therefore  be  included. 

In  summary,  this  study  of  fracture-induced  ejecta  has  demonstrated  their  widespread 
occurrence  and  has  provided  initial  information  about  ejecta  morphology,  size  distributions, 
electrical  charge,  and  velocity. 
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Fig.  I.  SEM  pliotograph  of  graphite  fiber-epoxy  composite  16-ply.  End  view  of  fibers 

cut,  polished,  and  lightly  etched  to  free  the  fibers.  The  fiben  are  about  7  in 
diameter.  Width  of  interstitial  epoxy-filled  channels  0  to  20  pm.  Striations  are 
visible  on  sides  of  some  fibers. 

Fig.  2.  SEM  photograph  of  fracture  surface  of  graphite  fiber-epoxy  composite  formed 

by  three  point  bending.  Lengthwise  striation  of  graphite  fibers  shown  along  with 
scales  of  adhering  epoxy. 

Fig.  3.  SEM  photograph  of  surface  like  Fig.  2  at  higher  magnification  showing  scales  of 

epoxy  and  evidence  of  plastic  flow. 

Fig.  4.  Optical  micrograph  of  ejecta  from  three  point  bending  0*  orientation  fracture  of 

graphite  fiber-epoxy  composite.  Fiber  lengths  only  were  measured  from  such 
fields.  Epoxy  can  be  seen  adhering  to  fibers.  Atwut  240x. 

Fig.  S.  SEM  photograph  of  ejecta  from  fracture  as  in  Fig.  4  showing  single  graphite 

fibers,  graphite  fiber  bundles  and  clusters  of  small  ejecta. 

Fig.  6.  SEM  photograph  of  ejecta  from  fracture  as  in  Fig.  4.  Surfaces  of  fibers  show 

clinging  epoxy  particles  as  small  as  0.01  um  as  well  as  scales  of  adhering  epoxy. 
Presumably  electrostatic  forces  form  such  clusters. 

Fig.  7.  Size  distributions  (lengths)  of  fiber-containing  ejecta  from  various  fracture 

geometries  for  graphite  fiber-epoxy  composite  obtained  from  optical  microscopy. 

Fig.  8.  Size  distributions  of  matrix  ejecta  from  fracture  of  graphite  fiber-epoxy 

composite  obtained  from  the  SEM. 

Fig.  9.  Size  distributions  of  ejecta  produced  by  tensile  fracture  of  neat  PEEK  (curve  A) 

and  carbon  fiber-PEEK  composite  (curve  C-F  for  fibers  and  curve  C-M  for 
matrix  ejecta). 

Fig.  10.  SEM  photograph  of  fast  tensile  fracture  surface  of  unfilled  epoxy  showing  flakes 
and  fibrils. 

Fig.  11.  Sketch  of  PMMA  tensile  fracture  sample  showing  region  where  ejecta  were 
examined  microscopically 


TABLE  I.  ObMrvcd  EJecU  and  Yields 


Yields  pg/mm^ 

Tensile  3  Point 

Fracture  Flex 


GLASSY  MATERIALS 


Soda- Lime  Glass  Slide 

0.80 

I.O 

PMMA 

0.17 

PS 

0.11 

0.09 

Fused  Silica 

visible 

IHDnion 

Graphite  Fibers 

visible 

visible 

Epoxy  (CEIBA  GEIGY  MY720 

Cured  with  DOS) 

visible 

PEEK 

0.05 

COMPOSITE  AND  FILLED  MATERIALS 

PS  -h  Random  Glass  Fibers _ 2J1 _ $U: 

Epoxy  •••  Uniaxial  Graphite  Fibers 

(Thornel  300  in  NARMCO  S208) 

Tension  at  0*  wit  Fibers  2.0 

Tension  at  90*  wrt  Fibers _ QJ, 

Epoxy  +  Uniaxial  Graphite  Fibers  (Fiberite  934) 

Tension  at  0*  wrt  Fibers  visible  3.4 

Tension  at  90*  wrt  Fibers _ L& 

Epoxy  +  Alumina  Powder 

(EPON  828  filled 

with  Alumina  1:1  bv  vol.) _ _ QJi 

PEEK  *  Carbon  Fibers 

(80  jim  length  fibers,  30%  by  weight) 


0.25 
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TABLE  I.  (coot.) 


CRYSTALLINE  MATERIALS 


Silicon  (100)  Fract  ||  to  (1 10) 

3.6 

5.4 

Quartz 

visible 

ll.O 

Sapphire 

visible 

MaO 

PZT 

visible 

LiF 

BN 

1.0 
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Fig.  1 
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1 6  PLY  CARBON  FIBER  -  EPOXY  COMPOSITE 


AVERAGE  SIZE  (|iiii) 


CARBON  FIBER  -  EPOXY  COMPOSITE 


AVERAGE  SIZE  (urn) 


AVERAGE  SIZE 
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V.  Electrical  Charge  Measurements  on  Ejecta  from 
Impact  Loading  of  Explosive  Crystals 


E.  E.  Donaldson,  M.  H.  Miles,  and  J.  T.  Dickinson 
Department  of  Physics 
Washington  State  University 
Pullman,  WA  99164.2814 


ABSTRACT 


We  present  measurements  of  the  properties  of  the  small,  macroscopic  particles  (ejecta)  that 
are  released  from  the  impact  loading  of  single  crystals  of  pentaerythritol  tetranitrate 
(PETN)*  Total  mass  of  the  ejecta,  total  electric^  charge  on  the  ejecta,  and  approximate  size 
distributions  are  presented.  A  few  measurements  were  also  performed  on  crystals  of 
cyclotrimethylenetrinitramine  (RDX)  and  cyclotetramethylene  tetranitramine  (HMX). 


KEYWORDS:  Ejecta,  Impact  Loading,  Fracture,  Explosives,  PETN,  RDX,  HMX 


INTRODUCTION 

In  a  previous  paper^  we  reported  on  the  production  and  properties  of  small 
macroscopic  particles  (ejecta)  in  die  size  range  of  0.1  -  S(X)  pm  released  &om  the  fracture  of 
solid  materials.  The  materials  studied  included:  pure  crystalline  inorganic  compounds, 
polymers,  and  polymer  matrix  composites.  Briefly,  we  observed  that  when  materials  were 
fractured  in  tension  or  in  3  point  flexure  loading; 

1.  The  fracture  of  most  solid  materials  produced  ejecta. 

2.  In  many  cases  the  surface  area  of  ejecta  was  appreciable  and,  in  some  cases,  was 
greater  than  the  cross-sectional  area  of  the  sample. 

3 .  Ejecta  tended  to  carry  electrical  charge.  Individual  ejecta  particles  were  found  to  be 
charged  either  +  or 

4.  Ejecta  were  released  with  velocities  as  high  as  50  m/s. 

In  this  paper,  we  report  the  investiganOT  of  ejecta  arising  from  the  impact  loading  of 

crystalline  PETN,  RDX,  and  HMX.  The  choice  of  impact  loading  was  made  principally 

because  of  the  small  sample  dimensions  (typically,  millimeter  size  crystals)  and  possible 

2  3 

relevance  to  impact  loading  tests  of  explosive  sensitivity.  ’  Earlier  studies  of  PETN  in 
our  laboratory  had  demonstrated  that  impact  crushing  produced  high  levels  of  fracto 

4 

emission  (defined  as  the  emission  of  electrons,  ions,  neutral  atoms  and  molecules,  and 
photons  due  to  defcnmation  and  fracture).  Furthermore,  long  wavelength  radiation 
(radiowave  emission-RE)  was  detected  during  crushing  and  was  attributed  to  small 
electrostatic  discharges  due  to  charge  separation  occurring  across  fracture  surfaces.  Our 
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major  goal  in  this  study  is  to  examine  the  possible  electrical  charge  on  the  fragments 
produced  by  fracture.  In  addition,  we  measured  the  total  yield  and  size  distributions  of  the 
macroscopic  particles  created  during  impact  loading  which  is  used  to  estimate  an  average 
charge  density  on  the  ejecta  surface. 

EXPERIMENTS 

A  sketch  of  the  impact  device  used  in  these  studies  is  shown  in  Fig.  1.  The  crystals 
were  crushed  between  planar  hardened  steel  surfaces,  each  12  mm  in  diameter.  The  striker 
was  driven  by  a  hammer  blow  to  its  top  end  providing  an  impulse  of  ~  1  Kg  m/sec.  The 
time  profile  of  the  applied  force  was  measured  using  a  force  transducer  built  into  the  anvil. 
When  the  hammer  hit  the  striker,  the  force  on  the  sample  increased  for  approximately  100- 
200  |is  then  fell  rapidly  as  the  crystal  collapsed.  The  maximum  applied  force  was  typically 
5000N. 

The  tests  were  conducted  by  placing  a  single  crystal  or  several  crystals  of  mm 
dimensions  at  the  center  of  the  anvil  and  driving  the  striker  down  to  impact  them  with  a 
single  blow.  Under  these  experimental  conditions,  a  single  impact  always  crushed  the 
crystals  and  produced  ejecta  without  any  evidence  of  ignition. 

Subsequent  impacts  delivered  to  the  sample  after  it  had  already  been  crushed 
usually  caused  ignition.  The  location  of  this  ignition  was  usually  near  the  edges  of  the 
crushing  surfaces  and  produced  ejecta  in  an  obvious  directional  jet  Ignition  always 
produced  an  accompanying  plasma  of  highly  charged  species  which  we  could  not  avoid 
collecting.  To  prevent  this  somewhat  uncontrolled  charge  emission,  we  limited  our 
measurements  to  single  impact,  purposefully  avoiding  ignition. 

The  mass  of  ejecta  and  their  electrical  charge  was  measured  by  catching  the  ejecta  in 
a  spun  aluminum  collector  28  mm  in  diameter  positioned  as  shown  in  Fig.  1.  An 
electrically  grounded  metal  screen  was  placed  in  front  of  the  collector  to  shield  it  from  any 
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electrical  activity  in  the  fracture  zone  and  also  to  prevent  fragments  larger  than  1.5  mm  from 
reaching  the  collector.  Although  the  screen  stopped  some  of  the  ejecta,  it  transmined  60% 
of  the  smallest  fragments.  If  the  ejecta  were  to  travel  out  in  an  axially  symmetric 
distribution,  then  by  geometry  the  screened  collector  should  catch  approximately  10%  of  all 
the  ejecta  released.  In  practice,  the  ejecta  had  a  nonsymmetric  randomly  oriented 
distribution,  even  when  ignition  was  avoided.  However,  by  repeating  experiments  we 
were  able  to  obtain  average  characteristics  of  the  ejecta. 

For  charge  measurements,  the  aluminum  collector  was  connected  by  a  short  coaxial 
cable  to  a  coulombmeter.  As  charged  ejecta  were  captured  by  the  collector,  an  equal  charge 
would  flow  to  the  coulombmeter.  After  the  total  collected  charge  was  determined,  the 
ejecta  were  transferred  to  a  small  piece  of  thin  aluminum  foil  for  weighing  with  a  Cahn 
Model  No.  21  Automatic  Electrobalance.  Most  of  the  results  reported  here  are  on  PETN 
because  of  availability  of  sample  material.  A  few  measurements  were  also  performed  on 
crystals  of  ROX  and  HMX. 

RESULTS  AND  DISCUSSION 

Total  Mass.  In  the  case  of  PETN,  the  total  mass  of  ejecta  collected  from  impact 
was  on  the  average  1.3%  of  the  mass  of  the  (xiginal  PETN  crystal  samples.  The  samples 
were  pulverized,  with  the  greater  part  of  each  sample  remaining  attached  to  the  metal 
impacting  surfaces.  As  might  be  expected,  the  ejecta  produced  by  impact  formed  a  larger 
fraction  of  the  total  mass  than  the  ejecta  from  materials  examined  in  tensile  or  flexure 
loading  ^  The  large  amount  of  ejecta  was  collected  because  the  entire  sample  was 
pulverized,  the  efficient  transfer  of  horizontal  momentum  to  vertical  momentum  through 
compressive  shear  deformation,  and  because  of  channeling  by  the  impacting  surfaces  in  a 
planar  distribution.  Similar  effects  were  obtained  for  RDX  and  HMX  crystals. 
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Tra,jectories.  We  found  that  a  large  fraction  of  the  ejecta  reached  the  far  end  of  our 
ejecta  coUecta,  that  is,  they  were  able  to  travel  at  least  6  cm  from  the  crushing  region. 
Measurements  described  later  indicate  that  the  most  probable  qecta  size  is  about  5  ^m. 
Gdculadons  based  on  Stokc's  law^  show  that  5  iim  spherical  particles  would  travel 
horizontally  less  than  1  cm  in  still  air  even  if  they  were  launched  with  an  initial  speed  of 
100  m/sec.  Lower  initial  speeds  or  inegularly  shaped  particles  would  result  in  a  smaller 
range.  Thus,  we  must  conclude  that  a  hydrodynamic  effect  is  dominant,  e.g.,  the  burst  of 
air  created  by  rapid  motion  of  the  impacting  surfaces  carries  entrained  ejecta.  This  would 
imply  that  until  turbulence  set  in,  the  particles  would  move  at  approximately  the  speed  of 

Electrical  Charge.  The  PETN  ejecta  always  carried  a  net  negarive  charge.  A 
comparison  was  made  of  the  total  mass  of  the  collected  PETN  ejecta  vs  the  total  charge 
carried  by  the  ejecta  for  repeated  experiments  on  specimens  of  similar  size.  Figxire  2  shows 
the  resulting  data  and  a  least  squares  fit  indicating  that  the  total  mass  and  total  charge  are 
positively  conelated.  We  emphasize  that  these  are  total  charge  measurements  and  that  the 
ejecta  most  likely  contains  charged  patches  of  both  signs,  potentially  involving 
considerably  larger  quantities  of  charge  of  each  sign. 

In  contrast,  the  ejecta  from  crushing  crystals  of  RDX  displayed  a  much  smaller 
charge  per  unit  mass  (1/20  of  that  for  PETN)  and  the  charge  measured  was  positive  or 
negative.  The  charging  of  HMX  ejecta  was  similar  to  that  of  RDX,  namely  the  total 
charges/mass  were  an  order  of  magnitude  smaller  than  for  PETN  and  were  of  either  sign. 

Because  the  ejecta  were  insulating  particles,  they  lost  little  of  their  surface  charge  to 
the  collector.  Using  this  fact,  we  could  test  the  conclusion  that  the  majority  of  the  charge 
we  measured  was  indeed  carried  by  the  ejecta  with  the  following  procedure;  after  the 
charge  of  a  sample  of  ejecta  had  been  measured  and  recorded,  the  collector  was  electrically 
grounded.  The  ground  on  the  collector  was  then  removed  and  the  ejecta  were  spilled  out  of 
the  collector.  The  new  value  of  charge  registered  during  the  removal  of  the  ejecta  was  of 
opposite  sign  and  nearly  equal  in  magnitude  to  the  charge  originally  collected.  This  result 
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would  not  have  occurred  if  a  significant  portion  of  the  initial  measured  charge  had  been 
carried  by  electrons  or  ions  enutted  &om  the  fracture  zone,  thus  providing  convincing 
evidence  that  the  charge  we  measured  was  indeed  carried  by  the  ejecta  particles. 

Accompanviny  Long  Wave  Length  Electromagnetic  Signals.  In  order  to 

determine  if  electrostatic  phenomena  were  accompanying  the  fracture  event  itself,  we  placed 
a  flat  coil  having  a  diameter  of  2  cm  and  inductance  of  ~10  mH  around  the  crushing  region. 
Because  the  coil  was  sensitive  to  magnetic  signals  from  the  motion  of  steel  components,  we 
replaced  the  steel  crusher  with  a  brass-bronze  impact  device.  The  output  of  the  coil  was  fed 
to  a  wide-band  differential  amplifrer  with  a  1  Mf2  input  impedance,  the  output  of  which 
was  digitized.  When  a  rapid  change  in  B  field  occurred,  i.e.,  due  to  an  electrostatic 
discharge,  a  ring-down  burst  of  emf  at  a  frequency  of  200  Khz  was  produced.  Since  our 
coil  was  so  close  to  the  impact  region,  it  was  sensitive  only  to  near-field  components  of  the 
electromagnetic  field.  Tests  of  signals  from  actual  discharges,  the  peeling  of  adhesive 
tapes,^  and  the  crushing  of  single  crystal  quartz  and  sucrose  (known  to  produce 
microdischarges  in  air)  showed  strong,  rapidly  rising  signals,  whereas  rapid  deformation 

We  found  that  crushing  PETN  regularly  produced  large,  reproducible  RE  signals  in 
the  coil.  The  observed  electrical  signal  rose  early  during  the  crushing,  and  frequently 
consisted  of  several  discrete  bursts  which  are  most  likely  due  to  individual  failure  events  in 
the  crystal(s).  Figine  3  shows  a  typical  ringing  signal  (digitized  at  20  ^s  per  division)  due 
to  impact  crushing  of  a  single  crystal  of  PETN.  The  onset  of  crushing  is  shown  by  the 
arrow.  In  contrast,  crushing  RDX  did  not  produce  convincing  RE  signals;  thus,  we  see  no 
evidence  of  electrostatic  discharges  during  fracture  of  RDX.  This  observation  is  consistent 
with  much  lower  charge  densities  on  the  RDX  ejecta  in  comparison  with  the  PETN  ejecta. 

Micrographs  of  Ejecta.  Mwphology  and  size  distribution  of  ejecta  were 

examined  by  using  optical  microscope  photographs  of  the  collected  particles.  The 
photographs,  shown  in  Figs.  4  and  5,  represent  ejecta  caught  on  microscope  slides  placed 
near  the  impact  crushing  of  PETN  and  RDX.  The  PETN  ejecta  (Fig.  4)  differ  from  the 
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RDX  ejecta  (Hg.  5)  in  several  characteristics.  They  are  more  finely  divided  than  RDX 
ejecta  and  they  always  exhibited  considerably  more  clustering.  This  clustering  of  PETN 
ejecta  could  well  be  due  to  the  presence  of  high  densities  of  electrical  charge  on  the  fracture 
surfaces  which  cause  electrostatic  attraction  and  agglomeration. 

Size  Distributions.  In  order  to  dettrmine  a  size  distribution  of  the  PETN  ejecta, 
we  collected  several  sait^lings  of  the  ejecta  on  microscope  slides.  Using  an  optical 
microscope  at  12Qx,  we  counted  the  number  of  particles  in  each  size  range,  employing  a 
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geometrically  increasmg  series  of  sizes.  The  resulting  approximate  size  distribution  is 
shown  in  Hg.  6.  It  shows  that  most  of  the  collected  ejecta  are  quite  small  (<  5  |im)  and, 
thus,  that  the  surface  area  of  ejecta  will  be  large,  consistent  with  the  findings  in  our 
previous  fiacture-induced  ejecta  study. 

Average  Charge  Density.  We  can  combine  this  particle  size  distribution  with 

the  mass  and  charge  measurements  to  obtain  a  value  for  the  average  surface  charge  density 
on  the  PETN  ejecta.  We  first  assume  that  the  net  charge  is  uniformly  distributed  over  the 

surface  of  the  particles  and  that  the  ejecta  are  spheres  (contrary  to  what  is  seen  in  Fig.  4). 

5  2 

This  yields  a  specific  surface  for  these  particles  of  2.4  x  10  mm  /g.  The  ejecta  mass 

collected,  typically  430  pg,  and  the  net  charge  collected,  2.5  x  10'^®  C ,  results  in  an 
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average  surface  charge  density  of  2.4  x  10  C/cm  .  The  limiting  E  field  imposed  by  the 
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occurrence  of  corona  discharge  in  air  is  approximately  2x10  V/m  which  will  be  reached 

-9  2 

at  a  surface  density  of  1.8  x  10  C/cm  for  uniformly  charged  spherical  particles.  An 
interesting  but  unanswered  question  is  how  docs  the  surface  charge  vary  with  the  size  of 
the  PETN  ejecta? 

We  emphasize  that  these  measurements  involve  only  the  net  charge  on  a  large 
number  of  particles.  The  sum  of  ±Q,  i.e.,  the  acmal  charge  on  the  ejecta,  could  be  much 
greater  than  the  net  charge  we  measure. 

There  are  two  possible  mechanisms  for  producing  charge  on  the  ejecta  by  impact 
loading.  First,  the  crystals  undergo  a  great  deal  of  shear  deformation  and  fracture  during 


77 


crushing.  Second,  the  fragments  undergo  firictional  rubbing  by  the  metal  surfaces  of  the 
striker  and  the  anvil,  both  during  crushing  ami  subsequently  as  the  ejecta  escape.  Both  of 
these  mechanisms  could  be  contributing  to  the  production  of  surface  charge  (xi  the  ejecta. 

We  and  others  have  observed  evidence  of  charge  separation  accompanying  fracture 
9-12 

of  a  number  of  materials.  Fracture  induced  charge  separation  is  particulariy  intense  in 
piezo-electric  crystals  such  as  Si02  and  BaTiO^.  PETN  has  a  non-centrosymmetric  crystal 
structure  and  is  known  to  be  piezoelectric  whereas  RDX  and  3-HMX  (the  room 
temperature  form)  are  centric  and,  therefore,  non-piezoelectric.^  ^  This  would  suggest  that 
ejecta  from  PETN  should  carry  a  greater  charge,  as  is  observed,  due  to  charge  separation 
assisted  by  stress-induced  polarizadtxi. 

Frictional  and  contact  electrification  are  especially  effective  in  producing  charge 
separation  when  dissimilar  materials,  e.g.  molecular  crystals  and  metal  surfaces,  are 
involved.  Thus,  we  might  expect  that  the  crystal  fragments  would  also  be  charged  by 
rubbing  as  they  glanced  off  of  the  surfaces  during  ejection.  We  cannot  rule  out  this 
charging  mechanism.  However,  we  point  out  first  the  striking  difference  in  magnitude  of 
charge  on  the  ejecta  from  PETN  compared  with  the  other  two  types  of  explosive  crystals, 
and  second,  the  accompanying  RE  signals  from  impact  of  PETN  vs  the  lack  of  RE  from 
RDX.  This  strongly  suggests  that  the  charging  of  the  PETN  ejecta  is  due  to  deformation 
and  frracture  rather  than  the  rubbing  that  follows. 

CONCLUSIONS 

In  summary,  we  have  shown  that: 

1 .  Impact  crushing  of  PETN,  RDX,  and  ^-HMX  produce  large  quantities  of  ejecta. 
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2.  Small  ejecta  particles  had  a  range  in  air  of  at  least  6  cm.  This  would  require 
substantial  kinetic  energy;  however,  under  the  coiditions  of  this  experiment  the  air 
surrounding  the  ejecta  was  put  in  motion  by  the  compression  of  the  impact  device, 
thereby  entraining  the  ejecta. 

3 .  The  ejecta  carry  electrical  charge.  Their  net  charge  density  for  PETN  approaches 
the  corona  limit  for  surface  charge  in  air.  Local  charge  densities  on  the  ejecta  could 
be  greater. 

4.  The  PETN  crystals  under  impact  created  more  finely  divided  ejecta  which  was  more 
highly  charged  than  that  from  RDX  and  ^HMX  crystals.  This  was  demonstrated 
by  measurements  of  the  total  charge  carried  on  ejecta,  by  measurement  of  the 
electrical  signal  produced  during  crushing  and  by  the  subsequent  aggregation  of  the 
ejecta. 

5 .  We  suspect  that  the  charging  observed  in  the  case  of  PETN  arises  from  crushing 
(fracture)  of  the  crystal  rather  than  collisions  with  the  metal  surfaces  during 
ejection. 
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HGURE  CAPTIONS 

Fig.  1.  Sketch  of  die  experimental  configuration. 

Fig.  2.  Graph  of  the  electrostatic  charge  (negative)  carried  by  the  ejecta  vs  mass  of 

ejecta  colleacd  for  PETN. 

Fig.  3.  Electrical  signal  induced  in  a  pick-up  coil  from  crushing  PETN. 

Fig.  4.  Optical  miciograph  of  PETN  ejecta  deposited  on  a  micioscope  slide. 

Fig.  5.  Optical  micrograph  of  ejecta  from  RDX. 

Fig.  6.  Approximate  size  distribution  of  PETN  ejecta. 
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Experimental  Configuration 


TOTAL  CHARGE  vs  TOTAL  MASS 
FOR  PETN  EJECTA 
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VL  Fracto-Emission  Induced  Electrical  Breakdown  in  Vacuum 
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ABSTRACT 

In  previous  studies  we  have  shown  that  when  fracture  takes  place  in 
the  vicinity  of  a  high  voltage  gap  in  air,  it  will  induce  electrical 
breakdown  across  the  gap.  In  vacuum,  we  induced  electrical 
breakdown  directly  across  a  crack  involving  the  separation  of  an 
epoxy-metal  interface.  These  breakdown  events  were  explained  in 
terms  of  fracto-emission  (the  emission  of  charged  particles,  neutral 
species  and  photons  due  to  fracture)  serving  as  a  trigger  which 
induced  breakdown.  Here,  we  explore  further  vacuum  breakdown 
induced  by  fracture  for  a  different  electrode  geometry.  We  examine 
the  effect  of  creating  a  crack  in  a  dielectric  suspended  between  two 
electrodes,  the  dependence  of  the  observed  discharges  on  the 
magnitude  of  the  applied  voltage  and  on  the  nature  of  the  fracto- 
emission,  and  the  temporal  relationship  of  the  onset  of  breakdown  to 
the  fracture  event  The  materials  studied  are  poly  methyl  methacrylate 
(PMMA)  and  a  Kevlar-fibcr  reinforced  composite) 
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INTRODUCTION 

When  an  electrical  voltage  is  applied  across  a  pair  of  plane  parallel  electrodes  in  a  low 
pressure  gaseous  medium,  the  probability  of  electrical  breakdown  vs  gas  pressure  is  predicted  by 
the  breakdown  potential  curves  J  These  curves  are  based  on  the  assumpdon  that  cosmic  rays  or 
background  radioacdvity  provides  the  few  electrons  necessary  to  inidate  the  discharge.  If  foreign 
charged  pardcles  are  deliberately  introduced  into  the  gap,  breakdown  will  be  seen  at  potendal 
differences  much  lower  than  the  sparking  potential.  Thus,  devices  employing  photoemission, 
field  emission,  and  field  ionizadon  can  be  designed  to  trigger  a  discharge  across  a  primary  gap 
held  at  an  otherwise  stable  potendal.  Subsequently  this  temporary  source  of  charge  carriers 
induces  the  discharge  to  inidate  across  the  primary  gap.  This  principle  is  used  in  pracdcal 
A  source  of  charge  not  normally  discussed  in  the  breakdown  literature  involves  the 
emission  of  electrons  and  ±ions  created  by  fracture.  These  emissions  are  part  of  a  group  of 
effects  known  as  fracto-emission  [FE]  which  we  have  been  studying  in  this  laboratory  as  a  probe 
of  a  number  of  aspects  of  fracture.3-5  Typically,  the  various  FE  components  are  produced  at 
highest  intensity  during  fracture  and  at  lower  intensity  following  fracture.  Furthermore,  the 
rcladve  intensides  of  these  emissions  are  strong  fiincdons  of  the  types  and  failure  modes  of  the 

We  have  previously  shown  that  when  fracture  takes  place  in  the  vicinity  of  a  high  voltage 
gap  in  air  at  one  atmosphere  the  fracture  event  will  cause  electrical  breakdown  across  the  gap.^ 
Furthermore,  in  vacuum,  we  induced  electrical  breakdown  across  a  crack  involving  a  polymer- 
metal  interface,  a  type  of  fracture  known  to  produce  copious  electron  and  ion  emission.^  In  these 
experiments,  aluminum,  one  component  of  the  interface,  served  as  one  of  the  electrodes  for  the 
gap.  These  breakdown  events  were  explained  in  terms  of  fracto-emission  serving  as  a  trigger  to 
induce  breakdown. 

In  this  paper,  we  further  explore  vacuum  breakdown  induced  by  fracture.  In  panicular, 
we  examine  the  effect  of  creating  a  crack  in  a  dielectric  suspended  between  the  electrodes,  the 
dependence  of  the  observed  discharges  on  the  magnitude  of  the  applied  voltage  and  on  the  nature 
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of  the  FE,  and  to  examine  the  timing  of  the  onset  of  breakdown  with  the  fracture  event  A 
relatively  poor  charged  particle  emitter  was  chosen  as  the  major  material  studied,  namely  poly 
methyl  methacrylate  (PMMA),  although  we  show  that  fracturing  a  very  intense  fraao-emitter  (a 
Kevlar-fiber  reinforced  composite)  greatly  reduces  the  required  voltage  to  obtain  breakdown. 

EXPERIMENTAL 

The  breakdown  experiments  were  conducted  in  an  oil-pumped  vacuum  system  operating 
at  a  system  pressure  of  Ixlfr^  Pa  as  measured  with  a  discharge  gauge;  auxilliary  FE  experiments 
were  conducted  in  a  turbomolecular  pumped  system  operating  at  2x10*^  Pa.  Fig.  1  is  a  view  of 
the  physical  arrangement  of  the  breakdown  experiment,  including  a  schematic  of  the  circuit  used 
to  detect  the  breakdown  current.  Samples  of  commercial  grade  PMMA  and  of  a  Kcvlar-Epoxy 
composite  were  fractured  by  tensile  elongation  inside  the  high  voltage  gap  and  the  electric  current 
across  the  gap  was  measured  during  fracture.  The  dc  high  voltage  was  applied  across  a  gap 
between  16  mm  diameter  brass  electrode  disks.  The  edges  of  the  electrodes  were  rounded  to 
prevent  high  local  fields.  The  gap  was  adjusted  so  that  the  electrodes  were  close  to  but  not 
touching  the  fracture  specimen;  gap  separations  ranged  from  2-3.5  mm. 

The  PMMA  samples  were  75  mm  x  22  mm  and  3  mm  thick.  They  were  notched  on  both 
edges  near  the  center  with  a  saw  blade  leaving  a  center  web  I  cm  wide,  thus  assuring  that  fracture 
occurred  in  the  center  of  the  gap,  generally  starting  at  one  of  the  notches  and  ending  at  the  other. 

The  samples  of  Kcvlar-Epoxy  ctxnposite  consisted  of  Dow  DER  332  epoxy  filled  with 
300  Kevlar-fibers(  each  10  )im  in  diameter,  running  the  full  length  of  the  sample),  forming  what 
are  called  "strands”  about  5  cm  in  length.  A  single  strand  was  held  in  clamps  and  notched  in  the 
center  with  a  scalpel  approximately  half  way  through  the  fiber  bundle.  Again,  this  assured 
fracture  occurred  in  the  center  of  the  electrodes,  although  in  the  case  of  the  composite  samples, 
this  was  always  accompanied  by  considerable  splitting  and  delamination  of  the  composite. 
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An  acoustic  transducer  (AET  G>rp)  with  a  characteristic  frequency  of  1  MHz  was 
attached  to  the  sample  holder  near  the  fixed  end  of  the  sample  (See  Fig.  1 ).  The  AE  signal  from 
this  detector  was  used  to  produce  a  stop  pulse  for  the  digidzer  ( Lecroy  Model  8210)  to  capture 
the  current  transient  associated  with  breakdown.  In  the  FE  experiments  the  electron  emission 
(EE)  and  photon  emission  (phE)  were  detected  with  a  channel  electron  muldplier  and  a 
photomuldplier  tube,  respectively,  both  mounted  in  the  vacuum  system  approximately  2  cm  from 
In  the  breakdown  experiments,  we  wished  to  determine  the  actual  time  of  fracture  and  the 
duration  of  crack  propagation  in  the  PMMA  samples.  To  determine  the  duration  of  crack 
propagation  we  deposited  two  strips  of  gold  on  the  surfaces  of  the  sample  at  the  two  ends  of  the 
fracture  region.  A  small  voltage  was  placed  across  these  gold  resistors  and  the  increase  in 
resistance  accompanying  fracture  produced  a  measurable  change  in  voltage.  A  sketch  of  this 
arrangement  and  a  typical  output  signal  is  shown  in  Fig.  2.  The  drops  in  voltage  shown  by 
arrows  indicate  the  onset  and  completion  of  crack  growth.  For  our  samples,  this  duration  of 
crack  propagation  was  typically  ~20  |is  which  corresponds  to  an  average  crack  velocity  of  500 
m/s,  corresponding  to  unstable  crack  growth  and  is  in  agreement  with  similar  measurements 
made  on  PMMA  by  other  workers.*  Using  similar  thin  film  timing  strips,  we  also  determined 
that  the  acoustic  signal  arrived  at  our  transducer  -40  ps  after  the  initiation  of  the  crack.  This  time 
During  the  breakdown  experiments  the  positive  high  voltage  was  applied  to  one  electrode 
and  the  other  electrode  passed  to  ground  through  a  50  ohm  resistor.  The  resulting  voltage 
change  was  amplified  by  an  ORTEC  474  amplifier  and  subsequently  digitized.  The  AE  signal 
and  a  radio  emission  signal,  picked  up  by  a  small  coil  (designated  RE  in  Fig.  1)  were  recorded  in 
other  channels  of  the  digitizer.  The  radio  emission  signal  served  only  as  a  verification  that  a 

RESULTS 

We  first  summarize  the  general  features  of  our  observations: 

I.  When  samples  were  firactured  in  the  gap  without  the  high  voltage  turned  on,  we  saw  no 
current  across  the  vacuum  gap. 
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2 .  For  voltages  ^  6  kV  no  discharge  occurred  in  the  absence  of  fracture. 

3 .  When  san:q)les  were  fractured  in  the  central  region  of  the  gap  we  generally  detected  a 
discharge  current  provided  that  the  gap  voltage  was  above  the  threshold  value  for  each 
kind  of  sample  material  The  threshold  voltage  was  higher  for  PMMA  than  for  Kevlar- 
Epoxy. 

4.  When  Kevlar-Epoxy  samples  fractured  near  the  edge  of  the  gap  or  a  few  mm  from  the 
edge  of  the  gap,  discharges  sail  occurred,  but  the  detected  currents  were  smaller  then  in 
(3)  above. 

5 .  The  total  charge  flow  induced  by  fracture  had  a  positive  correlation  with  the  magnitude  of 
the  high  voltage. 

Specific  examples  of  this  behavior  will  now  be  presented. 


EMMA 

When  the  PMMA  samples  were  fractured  in  the  gap,  a  discharge  would  occur  for 
voltages  ^  1,75  keV.  The  discharge  currents  were  usually  on  the  order  of  1(H  -  10*^  A  in 
magnitude  and  a  duration  of  several  microseconds.  In  Fig,  3  we  show  a  current  vs  time  record 
accompanying  ftacture  of  PMMA  at  a  3.7  kV  gap  voltage.  Here  we  see  a  maximum  current  of  3 
mA  and  a  total  charge  flow  of  64  nC.  In  all  cases  of  PMMA  fracture  we  observed  that  the  onset 
of  discharge  current  came  within  a  few  jis  after  the  fracture  was  complete  and  that  the  current 
continued  to  flow  for  10  to  50  ^is.  The  current  was  always  very  noisy,  suggesting  multiple 
discharge  events  occurring  once  breakdown  was  initiated.  Conoary  to  the  study  on  aluminum- 
epoxy  interfacial  fracture,  where  breakdown  was  observed  during  fracture,  with  PMMA  a  short 
delay  (1-2  M.s)  was  always  evident  Note  that  the  Al-epoxy  geometry  involved  breakdown  in  a 
direction  normal  to  the  crack  walls. 

A  series  of  experiments  was  carried  out  with  PMMA  samples  for  different  gap  voltages 


up  to  5.54  kV.  Tne  plot  shown  in  Fig.  4  indicate  that  when  the  voltage  exceeded  a  breakdown 
threshold  ( 1.75  kV  ),  the  total  charge  flowing  during  a  discharge  increased  with  increasing 
voltage.  The  current  flowing  across  a  gap  should  be  an  exponential  function  of  the  gap  voltage,^ 
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Qtoul  “  ^  1 ) 

where  Qtoui  =  total  charge  flow 

Vippiied  =  the  applied  voltage  across  the  gap 

aub  are  adjustable  parameters. 

The  best  fit  occurred  for  a=  5.4  nC  J‘nd  b=  0.72  volts**.  We  note  that  above  the  threshold  level 
we  occasionally  observed  negligible  current  and  we  did  not  include  these  measurements  in  the  fit. 
(At  higher  potentials,  e.g.,  5  kV,  we  always  obtained  breakdown  r.pon  fracture  of  PMMA). 

The  PMMA  fracto-emission  was  extremely  weak.  Fig.  5  shows  the  FE  as  a  function  of 
time,  summed  over  six  specimens.  The  total  detected  emission  was  low  averaging  only  -12 
counts  of  EE  and  of  phE  per  sample,  typical  of  cohesive  fracture  of  a  number  of  polymers.  ^  The 
curves  show  however  that  the  emissions  reached  their  maximum  rates  immediately  after  fracture 
and  decayed  to  background  in  -1(X)  |is.  Because  of  the  limited  solid  angle  of  the  emission 
detectors  we  estimate  that  we  detected  about  10%  of  the  photons  and  probably  a  similar 
percentage  of  the  electrons.  The  quantum  yield  of  the  channeltron  electron  multiplier  is  -90%  so 
that  the  actual  number  of  counts  in  the  EE  peak  (which  would  correspond  to  during  and 
immediately  after  fracture)  is  therefore  on  the  order  of  100  particles.  Although  the  photon 

Visual  observation  of  the  breakdown  event  accompanying  fracture  of  PMMA  suggested 
that  the  discharge  indeed  occurred  between  the  electrodes  and  through  the  opening  crack.  Fig.  6a 
shows  a  sample  prior  to  ftacture  indicating  where  the  notched  specimen  is  located  A  time- 
exposure  of  this  same  view  during  fracture  with  5.5  kV  applied  across  the  gap  is  shown  in  Fig. 
6b.  The  high  voltage  electrode  is  at  the  top  of  the  photograph  and  the  camera  axis  is  along  the 
direction  of  crack  propagation  (away  from  the  camera).  The  photograph  shows  that  the 
discharge  is  more  intense  near  the  high  voltage  electrode  than  it  is  near  the  ground  electrode  and 
that  the  discharge  extends  across  the  gap.  Evidence  of  localized  higher  intensity  breakdown  at 
the  high  voltage  electrode  (anode-spots)  are  seen  here  and  more  clearly  on  other  photographs 
taken  under  similar  conditions.  These  anode  spots  are  caused  by  visible  radiation  resulting  from 
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When  Kevlar-Epoxy  samples  were  fnicnued  in  the  gap,  we  found  that  a  discharge 
occurred  when  the  gap  voltage  was  ^  150  V.  At  these  lower  voltages,  the  discharge  currents 
were  smaller  than  measured  firom  PMMA  at  higher  potentials  and  they  exhibited  different  time 
dependences.  Typically,  the  discharges  consisted  of  multiple  (1-10),  short  (1-2  p,s)  current  pulses. 
Fig.  7  shows  one  of  the  current  records  during  the  fracnire  of  Kevlar-Epoxy  for  an  applied 
potential  of  250  V.  With  fracture,  we  measure  a  maximum  current  of  0.2  mA  with  a  total  charge 
flow  of  0.32  nC  integrating  over  six  short  1  )is  pulses  observed.  Digitization  of  the  applied 
voltage  showed  no  changes  during  this  time,  indicating  that  these  fluctuations  are  indeed  due  to 
variations  created  in  the  gap.  At  much  higho’  voltages  in  the  kV  range,  the  discharges  took  on 
more  of  the  character  of  the  sustained  discharges  cause  by  the  fracture  of  PMMA.  In  general,  the 
discharge  current  during  Kevlar-Epoxy  fracture  is  an  increasing  function  of  applied  voltage, 
similar  to  the  PMMA;  however,  due  to  considerable  variation  in  the  total  fracture  surface  area 
created  at  failure  in  these  composite  samples  (which  strongly  influences  the  intensity  of  the 
charged  particle  emission),  i.e.,  we  could  not  obtain  a  quantitative  relation  between  Qtoui  vs 

^applied- 

Previously,  we  have  published  electron  and  positive  ion  emission  curves  for  the  same 
Kevlar-Epoxy  strands  used  in  these  experiments,  It  should  be  noted  that  this  emission  is  -lO^ 
more  intense  for  these  samples  compared  to  the  PMMA  and  that  the  fracture  event  is  considerably 
longer  in  duration  due  to  crack  arrest  and  branching. 

DISCUSSION 

In  this  work  we  have  produced  electrical  breakdown  between  electrodes  in  a  vacuum 
environment  by  fracture  of  materials.  This  occurred  in  spite  of  the  fact  that  sparking  potential 
curves  show  that  vacuum  is  an  excellent  insulator.  However  the  insulating  properties  of 
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vacuum  can  be  degraded  by  many  factors:  electrode  asperities,  particulate  contamination,  or 
by  the  injection  of  energetic  photons  and  charged  particles  into  the  gap. 

In  the  present  case  our  electrodes  were  sufficiently  smooth  and  clean  to  resist  discharge 
formation  at  voltages  well  above  those  we  applied  (6  kV).  Breakdown  was  detected  only  when  a 
sample  was  fractured  in  the  gap.  We  propose  that  the  fracto-emission  breakdown  mechanism  in 
vacuum  involves  two  components  of  these  emissions:  1)  the  small  quantity  of  charged  particles 
already  discussed  above  and  2)  a  supply  of  neutral  molecules  which  are  also  released  during  and 
immediately  following  fracture.  Evidence  for  neutral  molecule  emission  accompanying  fracture 
has  been  seen  in  a  number  of  studies,!^*!^  including  measurements  made  on  The  latter 

investigation  showed  that  the  dominant  species  emitted  was  the  monomer  (mass  I(X}).  Thus,  the 
crack  in  PMMA  contains  many  free  molecules  as  it  begins  to  open  and  this  gas  is  released  into 
the  gap.  From  previous  measurements  on  epoxy,  we  saw  neutral  emission  intensities  which 
lasted  about  1(X)  ps  after  fracture.  This  combination  of  charged  particle  and  neutral  emission  into 
the  gap  results  in  a  discharge  because  the  charged  particles  are  accelerated  by  the  high  voltage  and 
collide  with  the  electrodes  and/or  with  the  emitted  neutrals  thereby  producing  secondary  ions  and 

The  few  charged  particles  present  in  the  FE  correspond  to  a  current  of 
-100  e*  /  20  jis  =  10*12  A,  whereas  we  observe  -  10*3  A.  Thus,  significant  muldplication  is 
necessary  to  produce  the  observed  charge  flow.  Further  evidence  that  multiplicadon  is  indeed 
occurring  is  the  exponential  dependence  of  Qtotai  on  the  applied  gap  voltage  for  PMMA;  such  a 
process  requires  muldplicadon  to  occur.  The  1-2  ps  delay  in  breakdown  following  fracture 
appears  to  be  due  to  achieving  optimum  condidons  of  free  charge  and  gas  pressure  in  the  gap. 

We  note  that  the  glow  of  the  discharge  (e.g..  Fig.  7)  was  always  more  intense  near  the  posidve 
electrode  than  near  the  negadve  electrode  because  electrons  are  most  efficiendy  accelerated  and 
most  effective  in  producing  secondary  ionization. 

We  know  that  the  Kevlar-Epoxy  composite  is  an  intense  source  of  charge  as  in  all  cases 
studied  to  date  of  adhesive  failure  occurring  during  the  fracture  of  composites.  Adhesive  failure 
also  tends  to  produce  much  higher  energy  emissions,  n  Thus,  the  higher  intensity/higher  energy 
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emission  in  the  case  of  the  composite  leads  to  breakdown  at  150  V,  compared  to  PMMA  (which 
is  a  poor  emitter)  with  a  threshold  for  breakdown  at  1.75  kV.  Therefore,  the  injection  of  charged 
particles  into  die  gap  is  effective  in  triggering  breakdown  and  that  more  numerous  and/or  more 
energetic  charged  particles  will  trigger  a  discharge  at  a  lower  voltage.  It  should  also  be 
mentioned  that  neutral  molecule  emission  accompanying  the  fracture  of  epoxy  resin  composites 
has  been  shown  in  our  laboratory  to  be  extremely  intense,  presumably  due  to  trapped  gas  at  the 
fiber-matrix  interface.  Gases  such  as  H2O  aiKi  N2  were  the  dominant  products.  This  would 
further  aid  the  breakdown  process. 

We  noted  that  fracture  of  the  Kevlar-Epoxy  specimens  in  closer  proximity  to  the  center  of 
the  gap  produced  larger  breakdown  current;  this  would  be  expected  to  occur  because  more 
charged  particles  from  fra«.ture  would  be  produced  in  the  central  region  where  the  electrical  field 
and  where  the  probability  of  hitting  an  electrode  are  highest 

The  time  dependence  of  the  discharge  currents  can  be  related  to  the  nature  of  fracture  in 
the  two  materials.  PMMA  fractures  in  a  single,  rapidly  occurring  event  where  the  crack 
propagates  across  the  sample  in  a  few  ^s.  In  addition  to  our  timing  scrip  measurements,  further 
evidence  of  rapid  crack  propagation  is  seen  by  examining  the  fracttire  surfaces,  namely  the 
presence  of  extensive  hackle  and  crack  branching.  The  discharge  current  is  observed  to  arise 
immediately  after  fracture  and  is  sustained  in  a  single  event  for  periods  of  time  approaching 
100  ^s,  as  expected  for  a  single  burst  of  charged  particle  emission  accompanying  a  single 
fracture  event  In  fact  the  discharges  follow  approximately  the  shape  of  the  emission  curves  for 
this  material,  suggesting  that  the  discharges  may  be  sustained  by  the  delayed  emission.  Because 
the  voltages  used  in  these  experiments  were  relatively  low,  we  did  not  produce  self  sustaining 
discharges. 

The  background  pressure  in  the  vacuum  system  was  I  x  10*^  Pa;  however,  it  is  certain  that 
the  local  pressure  was  higher  in  the  vicinity  of  the  crack  due  to  the  release  of  gas  from  the  sample 
(we  estimate  that  in  the  crack,  the  pressure  may  be  as  high  as  10*1  Pa).  If  one  examines  the 
sparking  potential  curves  for  various  gases  in  a  parallel  electrode  gap,l  one  sees  for  example  that 


96 


the  curve  for  air  has  a  miniinum  at  330  V  (in  neon,  the  minimum  is  244  V ).  Thus,  it  appears 
impossible  to  find  untriggeied  sparking  at  150  V  at  any  pressure  and  in  any  gas  and  shows  that 
the  discharge  current  observed  during  the  fracture  of  Kevlar-Epoxy  could  not  be  triggered  by  the 
neutral  emission  alone;  the  charged  particle  emission  is  cleariy  an  essential  component. 

The  fracture  of  PMMA  presents  a  different  case  because  the  threshold  voltage  is  at 
1.75  kV.  If  we  again  look  at  the  sparking  potential  curves  we  see  that  they  yield  double  values 
and  that  when  the  product,  (  Pressure)(  Gap  Width ),  reaches  a  value  of  either  13  or  266  Pa-cm 
sparking  can  normally  occur  without  triggering.  With  our  gap  fixed  at  0.3  cm  the  sparking 
would  require  a  local  pressure  of  either  40  Pa  or  93(X)  Pa.  93(X)  Pa  is  highly  unlikely,  whereas 
40  Pa  would  require  only  3xl0ll  molecules  to  be  injected  into  the  gap  at  a  width  of  1  ^un.  From 
other  observations  of  the  release  of  neutral  gases  during  fracture  of  polymeric  materials,  this  is 
well  within  the  expected  amount  of  gas  released  in  such  fracture.  Consequently,  "normai 
breakdown"  could  be  occurring  in  the  case  of  PMMA.  However,  the  close  correlation  in  time  of 
the  discharge  and  the  fracture  event  (and  therefore  the  charged  particle  emission),  only  a  few  ^s, 
indicates  that  the  charged  particle  emission  is  also  triggering  the  discharges  in  the  case  of  PMMA. 

CONCLUSION 

When  a  material  fractures  in  an  evaculated  region  containing  high  electrical  fields,  fracto- 
emission  can  trigger  a  discharge  at  potentials  much  lower  than  those  necessary  for  untriggered 
breakdown.  In  the  case  of  PMMA,  the  discharge  originates  just  as  the  fracture  is  completed.  We 
know  that  at  just  prior  to  and  during  this  time,  charged  particles  and  gases  are  being  released 
from  the  sample.  The  charged  particles  are  accelerated  and  undergo  multiplication  at  the  electrode 
surfaces  and  in  the  neutral  gases  being  released.  The  discharges  are  completed  in  a  time  of  less 
than  1(X)  ps  as  the  charged  particle  emission  decays  and  as  the  gases  leave  the  rapidly  opening 
crack. 

The  firacture  of  the  Kevlar-Epoxy  composite  strands  fracture  in  a  sequence  of  fracture 
events  that  produce  short-lived  intense  bursts  of  charge  which  undergo  multiplication  in  the 


fracture  gases.  These  result  in  discharges  of  I  {is  duration.  Only  at  much  higher  gap  voltages  do 
we  observe  the  sustained  discharges  which  characterize  the  fracture  of  PMMA  (which  only  occur 
at  die  higher  potentials;.  In  all  cases  when  the  gases  are  finally  pumped  out  of  the  crack  and  the 
FE  falls  to  a  low  level,  the  discharges  are  extinguished.  Because  the  voltages  used  in  these 
experiments  were  moderate  we  did  not  produce  seif  sustaining  discharges. 
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FIGURE  CAPTIONS 

Rg,  1.  Schematic  diagram  of  the  experimental  arrangement  and  the  electronic  circuit  used 

to  measure  breakdown  current 

Fig.  2.  Schematic  of  sample  used  in  crack  timing  experiments  and  typical  signal 

accompanying  fixture  of  PMMA.. 

Fig.  3.  Typical  discharge  current  as  a  function  of  dme  for  PMMA. 

Fig.  4.  Voltage  dependence  of  total  charge  flow  (Qtotal)  during  discharge  induced  by 

Fig.  5.  Electron  and  photon  emission  curves  from  PMMA  fracture. 

Fig.  6.  a)  Photograph  of  electrodes  and  sample  (thickness  =  3 nun). 

b)  Time  exposure  of  light  from  discharge  with  the  same  orientation  and 
magnification  as  6a. 

Fig.  7.  Discharge  current  as  a  function  of  time  following  fracture  of  a  Kevlar-Epoxy 


Current 
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Gap  Current  vs  Time  During/Following 
Failure  of  PMMA 


Duration  of  Fracture 


Fig.  3 


total 
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Total  Charge  Flow  vs  Applied  Voltage 
Accompan3ing  Fracture 


Fig.  4 
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Gap  Current  vs  Time  During  Failure 
of  Kevlar-Epoxy  Strand 


Fig.  7 
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VII.  PRODUCTION  OF  FREE  CHARGE  CARRIERS 
DURING  FRACTURE  OF  SINGLE  CRYSTAL  SILICON 

S.  C.  Laafford,  D.  L.  Doeriaf/*^  aad  J.  T.  Dickinson 
Department  of  Physics 
Washington  State  Unirersity 
Pullman,  WA  99164.2814 

Measurements  of  the  time  dependence  aad  magnitude  of  fhictnre  induced  changes  in 
electrical  conductivity  in  singie  crystai  Si  are  presented.  A  transient  increase  in 
conduction  is  observed  daring  crack  growth  due  to  the  production  of  free  charge 
carriers.  The  presence  and  characteristics  of  this  transient  depend  on  the  nature  of  the 
fracture. 


During  crack  propagation,  mechanical  work  of  deformation  is  transformed  into 
bond  breaking  in  a  relatively  localized  portion  of  the  material.  Energy  release 
pre  .'esses  at  or  near  the  fracture  surface  can  have  irreversible  components,  as  evidenced 
by  various  fracto.emission  phenomena,^  including  the  emission  of  visible  light 
(triboiuroinescence),  electrons,  ions,  neutral  species,  and  long  wavelength 
electromagnetic  radiation.  A  number  of  these  processes  involve  departures  from 
equilibrium  induced  by  fracture. 

We  have  recently  observed  electron  emission  during  the  fracture  of  single 
crystal  Si  in  vacuum.^  It  seemed  plausible  that  fracture  might  also  create  free  charge 
carriers  in  the  Si  near  or  at  the  fracture  surface.  We  present  for  the  first  time  evidence 
of  the  production  of  fracture  induced  charge  carriers. 

Commercial  boron  doped  {111}  Si  wafers,  with  one  face  polished  and  having 
resistivities  of  10  to  20  ohm.cm,  were  obtained  from  S.E.H.  America,  Inc.  After  an 
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HF  acid  etch,  the  wafers  were  coated  with  about  50  an  of  gold  oo  each  side  and 
cleaTod  Into  orlentod  tensile  specissens  of  diaicasions  6  min  x  25  mm  x  0.52  mm.  The 
gold  coating  process  resulted  in  Schottky  barrier  contacts  on  the  polished  surfaces  and 
ohmic  contacts  on  the  uapoiished  surfaces.  The  ohmic  contacts  were  a  consequence  of 
the  high  density  of  recombination  centers  at  the  damaged  surfaces.  The  specimens 
were  epoxied  to  aluminum  mounts  and  loaded  In  tension  at  an  elongation  rate  of  0.01 
mm/s.  Contacts  to  the  gold  coated  surfaces  of  the  sample  were  made  with  silver  print. 
On  occasion,  samples  were  loaded  in  cantilever  beam  or  torsional  modes.  In  all  cases, 
edge  flaws  created  during  preparation  were  the  dominant  loci  of  failure.  These  flaws 
were  left  untreated,  resulting  in  a  wide  range  of  strengths. 

The  basic  experiment  involved  applying  a  small  voltage  across  the  Si  sample  and 
measuring  the  current  passing  through  the  specimen  before,  during,  and  following 
failure.  Measurements  were  carried  out  in  air  or  in  vacuum  (10*^  torr)  at  room 
temperature,  or  in  streams  of  dry,  cool  N2t  which  reduced  the  specimen  temperature  to 
approximately  200  K.  A  schematic  diagram  of  a  typical  experiment  is  shown  in  Fig.  1. 
R|  in  Fig.  1  is  the  input  resistor  of  a  fast  amplifier  or  transient  recorder.  Both  AC  and 
DC  coupled  amplifiers  were  used,  with  typical  gains  of  6X.  Digitization  rates  were 
either  10  ns/channei  or  320  ns/channel. 

The  current  through  the  sample  generally  decreased  during  fracture.  For  the 
circuit  of  Fig.  1,  this  decrease  was  a  consequence  of  cleavage  along  {111}  planes,  which 
resulted  in  fracture  surfaces  which  were  not  perpendicular  to  the  wafer  surfaces. 
Therefore,  a  small  region  of  the  wafer  became  less  effective  in  conduction  as  fracture 
progressed.  This  current  drop  correlated  well  with  the  duration  of  fracture,  as 
determined  by  simultaneous  measurements  of  gold  foil  conductivity.  In  many  cases, 
crack  bifurcation  led  to  the  removal  of  Si  material  from  the  circuit.  Similarly,  when 
only  one  end  of  the  sample  was  connected  into  the  circuit,  fracture  significantly 
reduced  the  amount  of  conducting  Si.  In  these  situations,  a  rapid,  off-scale  drop  in 
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observed  current  resulted.  Because  the  fracture  surfaces  were  not  normal  to  the  loading 
direcdott,  the  crack  experienced  shear  as  well  as  normal  stresses  during  loading. 
Tberefore,  even  under  tensile  loading,  mixed  mode  fracture  resulted. 

A  dramadc,  transient  increase  in  current  through  the  sample  was  often  observed 
during  crack  propagation.  Fig.  2a  shows  the  change  in  current  for  a  sample  tested  in 
tension  in  dry,  cooled  N2  at  atmospheric  pressure.  The  onset  and  completion  of  crack 
propagation  are  marked  with  vertical  arrows.  The  total  duration  of  emek  propagation 
is  5  |u,  which  corresponds  to  an  average  crack  velocity  of  1200  m/s.  The  downturn  in 
current  Immediately  preceding  the  tnuulent  indicates  that  the  instantaneous  crack 
velocity  during  the  transient  is  significantly  higher. 

Similar  transients  were  observed  whether  fracture  occurred  in  air,  dry  nitrogen, 
or  vacuum,  and  appeared  to  be  independent  of  the  ambient  temperature  (room 
temperature  to  200  K).  When  integrated,  the  detected  current  transients  per  unit  cross- 
sectional  area  of  the  sample  corresponded  to  10^  to  10^^  free  carriers/cm^.  The  larger 
transient  currents  were  most  evident  in  samples  exhibiting  high  strength  and  fast  crack 
growth  and  in  those  fractured  in  a  torsional  mode.  The  surfaces  of  samples  yielding 
large  transients  often  displayed  areas  of  unusual  roughness.  Transients  were  rarely 
detected  in  low  strength  samples  which  often  displayed  very  smooth  fracture  surfaces 
associated  with  slower  crack  growth.  The  change  in  current  for  such  a  specimen  is 
presented  in  Fig.  2b,  which  shows  little  evidence  of  increased  conductivity  during 
fracture.  Here,  the  total  duration  of  crack  propagation  is  8  fi%,  corresponding  to  an 
average  crack  velocity  of  880  m/s.  This  observation  lends  further  support  to  the 
hypothesis  that  free  carrier  generation  is  associated  with  high  crack  velocities. 

Current  transients  were  also  associated  with  highly  damaged  fracture  surfaces, 
which  are  commonly  produced  in  torsional  and  cantilever  beam  modes  of  loading. 
Typical  results  for  a  specimen  loaded  in  torsion  are  shown  in  Fig.  2c.  The  digitizer  was 
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driven  off  scale  during  the  most  Intense  portion  of  the  current  transient,  suggesting  a 
very  strong  response.  The  duration  of  crack  propagation  was  about  7  pM. 

These  cnirent  measurements  do  not  distinguish  the  sign  of  the  participating 
charge  carriers.  However,  under  the  conditions  of  bias  used  in  this  work,  the  depletion 
region  near  the  Schottky  interface  served  as  a  barrier  to  the  transport  of  holes,  but  not 
to  that  of  electrons.  Further,  the  sample  temperatures  (200  K  to  room  temperature) 
were  sufficient  to  ensure  that  the  acceptor  impurities  were  fully  ionized,  ruling  out  the 
production  of  additional  majority  carriers  (boles)  by  acceptor  ionization.  The  minority 
carriers  (eiettron)  mean  free  path  in  this  material  is  expected  to  be  on  the  order  of  100 
^m,  a  significant  fraction  of  the  sample  thickness.  Therefore,  it  seems  likely  that  the 
observed  current  transients  are  due  to  minority  carriers  which  have  been  promoted  to 
the  conduction  band  across  the  full  width  of  the  band  gap.  The  excitation  mechanism 
is  not  clear  at  this  time,  but  may  be  electronic,  thermal,  or  chemical  in  character. 

Electronic  excitations  resulting  in  charge  carrier  production  would  most  likely  be 
associated  with  localized  states  of  energy  greater  than  or  equal  to  that  of  the 
conduction  band.  Localization  reduces  the  probability  of  recombination  with  valence 
band  holes  and  thus  increases  the  probability  of  transitions  to  the  conduction  band. 

The  relatively  low  acceptor  concentration  in  the  material  used  also  limits  the 
recombination  rate.  The  states  involved  in  the  excitation  would  probably  be  associated 
with  surface  defects  or  other  localized  phenomena. 

As  Si  atoms  are  drawn  away  from  each  other  in  an  advancing  crack  tip,  the 
decreasing  wavefunction  overlap  across  the  crack  may  result  in  localized  states. 

Anderson  localization  is  expected  to  result  from  variations  in  crack  width  and  from 
mismatch  across  the  crack  due  to  shear  displacements.  Decreasing  wavefunction  overlap 
is  generally  associated  with  increasing  electron  energy.  If  the  energies  of  these 
localized  states  approach  that  of  the  conduction  band,  transitions  to  the  conduction 
band  via  tunneling  would  be  possible,  creating  minority  carriers.  These  transitions  may 
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b«  further  facUltetcd  by  shifts  in  the  cooductioa  bund  energy  due  to  high  stress  fields 
near  the  crack  dp. 

Leake  and  Haneaan  hare  idendfled  locaJized  states  which  they  associate  with 
wavefunedon  overlap  across  narrow  indentadon  cracks  in  Sl.^  Their  electron  spin 
resonance  aseasureaents  indicate  the  presence  of  abont  10^^  spins/ca^  of  crack  area. 

In  contrast,  well  cleaved  surfaces  show  very  low  spin  densides.  The  high  density  of 
paraaagnedc  states  suggests  that  "aonnal"  surface  relaxadon  is  hindered  while  the 
crack  width  is  less  than  abont  0.5  na.  In  crack  propagadon,  pardcnlariy  involving 
aixed  fracture  aodes  where  crack  opening  dlspiaceaents  iaaediately  behind  the  crack 
dp  are  saall,  a  siallar  hindrance  aay  increase  the  probability  of  high  energy 
excitadons. 

Theraal  generadon  of  charge  carriers  during  fracture  could  also  explain  the 
transients.  Theraal  generadon  of  electron*  hole  pairs  by  excitadon  acroa  the  band  gap 
would  require  temperatures  in  excess  of  700  K  to  produce  the  observed  current 
transients,  assuming  that  1  na  on  each  side  of  the  crack  tip  were  heated  during 
fracture.  This  headng  could  be  the  result  of  irreversible  processes  in  the  region  of  the 
crack  dp.  Although  the  fracture  of  SI  is  generally  not  associated  with  macroscopic 
plastic  deformadon,^  surface  relaxation  behind  the  crack  tip  may  yield  significant 
energies.  The  energy  of  the  relaxed  surface  is  about  0.36  eV  per  surface  atom  lower 
than  that  of  the  ideal,  truncated  bulk.^  Some  of  this  energy  may  be  available  for 
surface  heating,  as  seems  to  be  the  case  for  various  glasses.  Rough  measurements  of 
the  temperature  rise  during  the  fracture  of  glass  and  quartz  have  yielded  values  in 
excess  of  2000  K.^  The  intensity  and  duration  of  the  thermal  pulse  is  limited  by 
conductive  cooling.  The  high  thermal  diffusivity  of  SI  relative  to  glass  suggests  that 
the  temperature  rise  in  Si  is  much  less  than  In  glasses.  However,  rapid  crack  growth 
would  be  associated  with  rapid  heating  and  higher  final  temperatures,  and  thus  higher 
carrier  concentrations. 
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Othtr  energetic  processes  occur  on  fmctnre  surfaces,  including  the  production  of 
defects  such  as  racancies  and  adatonis.^  The  density  of  such  defects  is  expected  to  be 
a  strong  fnnetion  of  crock  velocity  and  fmctnre  siode.  Recomhination  reactions 
involving  these  species  could  lead  to  the  creation  of  charge  carriers,  similar  to  the 
creation  of  free  electrons  during  chemisorption  of  reactive  gases  on  some  surfaces.^ 

We  are  currently  exploring  several  unresolved  issues  concerning  the  production  of 
charge  carriers  during  fracture.  For  instance,  the  crack  tip  ejcpericnced  significant 
shear  stresses  in  each  of  the  fracture  modes  employed  in  this  work.  Thus  the  influence 
of  fracture  mode  is  not  clearly  demonstrated,  although  it  appears  that  shear  stresses  are 
important.  The  effects  of  crack  velocity  and  microcracking  remain  to  be  quantified. 
Carrier  generation  is  also  expected  to  be  affected  by  the  electronic  properties,  e.g.  band 
gap,  of  the  fractnred  material. 

We  have  demonstrated  that  a  fundamental  electronic  excitation,  the  production 
of  free  carriers  in  a  semiconductor,  can  accompany  fracture  under  certain  conditions. 
Free  carrier  generation,  being  a  lower  energy  process  than  the  previously  mentioned 
electron  emission,  may  serve  as  a  probe  of  lower  energy  electronic  processes  induced  by 
deformation  and  fracture.  Such  measurements  may  provide  new  insight  into  the  process 
of  dynamic  crack  growth  in  semiconducting  materials. 
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Figure  1. 


Figure  2. 


nCURE  CAPTIONS 


Diagram  of  tensile  specimen,  showing  the  circuit  used  to  measure  sample 
current.  The  crack  shown  represents  a  typical  (111)  cleavage  plane. 
Samples  broken  In  bending  and  torsional  modes  were  supported  at  one 
end  only. 

Fracture  induced  current  changes  observed  from  a)  a  strong  specimen 
loaded  In  tension,  b)  a  weak  specimen  loaded  in  torsion,  and  c)  a  strong 
specimen  loaded  la  torsion.  The  fracture  of  a)  was  performed  in  a  cold, 
dry  nitrogen  atmosphere,  while  the  fractures  of  b)  and  c)  were 
performed  in  air  at  room  temperature.  Arrows  mark  times  of  crack 
initiation  and  completion. 


U7 


I 


Vin.  Photon  emission  as  a  probe  of  chaotic  processes  accompanying  fracture 

S.  C.  Langford,  Ma  Zhenyi,  and  J.  T.  Dickinson 

Physics  Dq}artment,  Washingttxi  State  University,  Pullman,  WA  99164-2814 


Photon  emission  accompanying  the  fracture  of  an  epoxy  and  single  crystal  MgO  is 
examined  for  evidence  of  deteiminisdc  chaos  by  means  of  the  autocorrelation 
function,  the  Fourier  transform,  the  correladon  integral  of  Grassberger  and 
Procaccia,  and  the  fractal  box  dimension.  A  positive  Lyapunov  exponent  is  also 
obtained  firom  the  epoxy  phE  data.  Each  of  these  measures  is  consistent  with  a 
significant  degree  of  detenninistic  chaos  associated  with  attractors  of  relatively  low 
dimension.  A  typical  epoxy  fracture  surface  was  analyzed  for  ^tal  character  by 
means  of  the  sUt  island  technique,  yielding  a  fractal  dimension  of  1.32  ±  0.03.  The 
fractal  dimensions  of  the  fracture  surface  and  the  photon  emission  data  (box 
dimension)  of  the  epoxy  are  in  good  agreement  These  observations  suggest  that 
fluctuations  in  photon  emission  intensity  during  fracture  reflect  the  production  of 
fractal  surface  features  as  they  are  being  produced  and  thus  provide  important 
information  on  the  process  of  dynamic  crack  growth. 
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1 .  Introduction 

The  fracture  of  many  insulating  materials  is  accompanied  by  the  emission  of  photons, 
elections,  and  other  species  during  and  following  fracture.  These  emissions  are  collectively 
known  as  fracto-imission,  and  can  be  esp^*  .ially  intense  during  fracture.  In  earlier  work,  we  have 
shown  that  photon  emission  (phE)  during  the  fracture  of  an  epoxy  sample  may  display  rapid 
fluctuadons  well  in  excess  of  detector  and  amplifier  noise.^  The  amplitude  of  these  fluctuadons 
correlates  well  with  the  roughness  of  the  resulting  fracture  surfaces,  suggesting  that  these 
fluctuadons  reflect  mechanical  processes  during  crack  growth.  Since  photon  emission  intensity 
measurements  are  readily  made  at  time  intervals  as  short  as  a  few  ns,  they  may  yield  detailed 
informadon  on  the  progress  and  energedcs  of  crack  growth  during  catastrophic  failure. 

In  pardcular,  ph£  fluctuadons  may  shed  light  on  the  dynamics  of  possibly  chaodc 
processes  responsible  for  the  fractal  character  of  many  fracture  surfaces.  Fractal  dimension 
measurements  have  been  made  on  the  ffacnire  surfaces  of  several  metallic  and  ceramic  materials.^* 
Since  the  undeiiying  structure  of  many  chaodc  systems  is  fractal,  this  suggests  that  fracture  is 
also  to  some  degree  chaodc,  that  is,  determinisdc,  yet  aperiodic  and  unpredictable.  Recently,  some 
simple  models  of  the  fracture  process  have  been  proposed  which  display  chaos  ^  ^  or  result  in  fractal 
surfaces.  12-13  However,  to  date  litde  evidence  for  chaodc  processes  has  appeared  except  in  the 
fractal  nature  of  the  resulting  surfaces.  Recent  developments  in  the  analysis  of  time  series  data, 
such  as  that  formed  by  a  series  of  ph£  measurements,  raise  the  possibility  that  such  measurements 
may  yield  informadon  about  chaodc  processes  accompanying  ffaaure. 

In  this  work,  we  describe  a  preliminary  analysis  of  ph£  accompanying  the  fracture  of  two 
materials,  an  epoxy  and  single  crystal  MgO.  The  intense  phE  accompanying  the  iracture  of  both 
these  materials  has  been  previously  studied.^'5  The  epoxy  is  readily  formed  into  rather  large, 
strong  samples.  Although  the  epoxy  fracture  is  macroscopically  britde,  the  fracture  surfaces  show 
features  associated  with  severe,  local  plasdc  defemnadon  in  the  near  surface  region.  Single  crystal 
MgO  undergoes  britde  fracture,  often  with  very  high  crack  velocides,  and  has  been  the  object  of 
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many  studies  oi  fracture  and  deformation.  In  this  paper,  we  first  describe  autocorrelation  and 
Fourier  spectra  computations  which  show  that  the  faster  fluctuations  in  phE  are  consistent  with  a 
non>stocfaastic,  yet  quasi-random  origin.  Then  the  fractal  properties  of  the  data  are  discussed.  The 
fractal  dimension  oi  the  ph£  data  from  the  epoxy  is  also  compared  to  fractal  dimension 
measurements  of  the  epoxy  fracture  surface.  We  then  present  coneladon  dimension  calculanons 
which  show  the  ph£  data  to  be  associated  with  a  strange  attractor  of  low  dimension.  Finally,  a 
esdmaie  of  the  largest  Lyapunov  exponent  associated  with  the  epoxy  data  is  made.  These  results 
indicate  that  the  processes  underlying  the  phE  accompanying  fracture  display  deterministic  chaos. 

2 .  Experiment 

The  epoxy  used  in  this  work  was  formed  from  tetraglycidyl  4-4'diaminodiphenylmethane 
(TGGDM),  known  as  MY720,  cured  with  about  27%  by  weight  diaminodiphenyl  sulfone  (DDS), 
known  as  Eporal  or  Kr976.  Both  materials  are  manufactured  by  Ciba  Geigy  Corporation. 

Typical  sample  preparation  procedures  are  outlined  in  Reference  4.  The  samples  were  cast  in 
silicone  rubber  molds  with  a  sample  cross  section  of  3.5  by  8  mm^.  The  samples  were  then 
notched  and  mounted  in  tension  in  a  vacuum  system  maintained  at  pressures  of  about  2x10"^  Pa. 
phE  measurements  were  carried  out  with  an  EMI  Gencom  9924QB  photomultiplier  tube.  This  tube 
is  sensitive  to  photons  in  the  200-600  nm  range.  The  output  of  the  photomuldplier  tube  was 
amplified  and  recorded  at  10  ns  intervals. 

The  MgO  samples  were  prepared  from  nominally  99.99%  pure  single  crystals  obtained 
form  W.  &  C.  Spicer,  Ltd.  Samples  were  cut  with  a  dianoond  saw  to  about  1.6  x  6  x  12  mm^  and 
polished.  They  were  then  mounted  in  a  vacuum  system  maintained  at  less  than  1  x  10*^  Pa.  These 
samples  were  loaded  in  three-point  bend  across  a  6  mm  support  span  so  that  the  tensile  face  of  the 
sample  was  about  I  cm  from  the  window  of  a  photomuldplier  nibe  idendcal  to  that  used  in  the 
epoxy  study.  The  output  of  the  photomuldplier  tube  was  amplified  and  digidzed  at  5  ns  intervals. 
The  high  phE  intensity  associated  with  the  fracture  of  MgO  required  that  the  photomuldplier  tube 
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be  operated  at  low  gain  in  order  to  ensure  linear  output  at  peak  intensity.  At  this  gain,  the  7-bit 
digitizer  could  not  resolve  individual  photon  detection  events.  Further  experimental  details  are 
given  in  Reference  S. 

Two  phE  measurements  selected  for  analysis  appear  in  Fig.  1.  The  ph£  from  the  epoxy  is 
sustained  for  about  20  |is,  much  longer  than  the  1.4  ^s  of  sustained  ph£  from  the  MgO.  The  inset 
of  Fig.  la)  shows  the  ph£  from  the  epoxy  on  an  expanded  scale.  Rapid  fluctuations  with  no 
apparent  periodicity  are  observed.  The  analyses  described  below  were  performed  on  the 
quasistationaiy  portions  of  the  data  during  sustained  emission.  Due  to  the  small  sample  sizes  and 
rapid  crack  velocities  in  the  MgO  wcxk,  the  resulting  data  set  is  smaller  than  desirable  for  the 
analysis  of  correlation  dimension  and  Lyapunov  exponents.  This  limitation  is  discussed  further 
below.  ph£  measurements  made  on  samples  with  thin  film  timing  strips  attached  for  the 
measurement  of  crack  location  versus  time  confirm  that  by  far  the  most  intense  emission  occurs 
during  crack  growth,  implying  that  the  bulk  of  the  emission  is  from  the  region  of  the  advancing 
crack  tip.  A  less  intense,  decaying  emission  following  the  completion  of  fracture  is  also  observed. 

3.  Autocorrelation  and  Fourier  Transform 

Figure  2  shows  the  autocorrelation  functions  of  the  epoxy  and  MgO  data.  The  epoxy  curve 
shows  an  initial  peak  about  2  )is  in  duration.  The  spike  in  the  autocorrelation  between  0  and  50  ns 
is  due  to  the  finite  pulse  width  of  the  photomultiplier  tube.  Although  the  emission  itself  appears  to 
be  highly  irregular,  as  shown  in  the  inset  of  Fig.  la),  significant  correlations  persist  for  well  over  1 
|is.  This  is  inconsistent  with  purely  stochastic  fluctuations,  for  which  autocorrelations  would  be 
limited  to  time  scales  on  the  order  of  the  photomultiplier  pulse  width.  The  autocorrelation  function 
of  the  MgO  phE  shows  a  main  peak  about  250  ns  wide.  This  autocorrelation  lacks  the  sharp  peak 
in  the  0-50  ns  region  because  of  the  low  photomultiplier  tube  gains  used  in  the  MgO  observadons. 
At  these  gains,  the  digitizer  could  not  resolve  individual  photon  peaks.  Thus,  the  width  of  250  ns 
indicates  a  true  autocorrelation  in  phE  rather  than  an  artifact  of  the  detector.  The  MgO 
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autoconeladon  suggests  the  existence  of  some  periodicity,  although  this  naay  be  an  artifact  of  the 
small  size  of  the  data  set  Again,  the  presence  of  correlated  emissions  suggests  the  operation  of 
nonstochasdc,  although  not  necessarily  chaotic,  emission  processes. 

Conditional  probability  distributions  were  also  computed  for  both  sets  of  data  to  test  for  the 
presence  of  deterministic  processes.  In  principle,  the  number  of  degrees  of  heedom  in  a 
deterministic  system  can  be  estimated  by  noting  the  number  of  conditions  required  to  yield  a 
narrow  (noise  limited)  probability  distribution.  The  required  number  of  conditions  corresponds 
to  the  dimensionality  of  the  phase  space  required  to  describe  the  trajectory  of  the  system. 

Stochastic  processes  are  infinite  dimensional  in  this  sense.  The  conditional  probabilities  of  purely 
stochastic  data  are  identical  to  the  first  probability  distribution  (no  condition).  We  observe  a 
considerable  narrowing  of  the  probability  distribution  between  the  case  of  no  conditions  and  that  of 
one  condition,  but  the  number  of  data  points  is  insufficient  to  carry  the  process  to  its  conclusion. 
Nevertheless,  this  narrowing  is  further  evidence  for  nonstochastic  processes. 

The  power  spectrum  of  the  epoxy  data  displays  an  inverse  power  law  behavior  at  high 
frequencies,  as  shown  in  Fig.  3a).  The  displayed  spectrum  consists  of  the  sums  of  the  squares  of 
the  two  Fourier  coefficients  at  each  tiequency.  This  spectrum  displays  a  broad  plateau  in  the 
region  of  5(X)  kHz  to  20  Mhz,  suggesting  that  stochastic  processes  dominate  on  time  scales  of  2  |j.s 
to  SO  ns.  Assuming  a  typical  crack  speed  of  300  m/s,  this  time  scale  corresponds  to  distances  of 
15-6(X)  4m  on  the  fracture  surface.  At  higher  frequencies  (20-50  MHz),  corresponding  to 
distances  of  6-15  4m  on  the  fracture  surface,  the  power  spectrum  shows  l/fl^-like  behavior.  The 
bandwidth  of  the  detector/amplifier  system  is  about  50  MHz,  so  that  the  effects  of  higher  frequency 
power  being  "reflected"  into  this  power  spectrum  should  be  small.  Thus  the  Fourier  spectrum 
below  50  MHz  should  be  fairly  free  of  artifacts  due  to  the  finite  sampling  interval. 

1/f^-like  behavior  in  has  been  associated  with  the  fractal  charaaer  of  certain  time  series 
records  (Brownian  motion  displacement  vs  time)  and  with  profiles  of  various  fracture  surfaces. 

As  the  relevant  dimensions  of  these  systems  are  not  strictly  equivalent  (e.g.  displacement  vs 
time),  these  systems  are  strictly  not  self-similar,  but  self-afBne.^^  Certain  measures  of  fractal 
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character  are  noc  iqjpropriate  to  self-affine  structures,  and  the  appropriate  measures  apply  only  in 
the  high  frequency  limit  Typically,  a  structure  associated  with  a  1/f^-like  power  spectrum  is 
described  by  a  (Fourier)  fractal  dimension,  Df,  of 

Df  3  2.5  -  fl/2.  (1) 

A  least  square  fit  of  the  power  spectrum  of  the  phE  data  in  the  region  of  20-50  MHz  yields  p  =  2. 1 
±  0.1.  The  rapid  (20-50  MHz)  fiuctuadons  may  thus  be  associated  with  a  fractal  dimension  Df  = 

1.45  ±  0.05.  Thus  the  power  spectrum  of  the  phE  indicates  that  the  high  frequency  phE 
fluctuations  are  fractal  in  character  and  hints  that  the  fracture  surface  is  fractal  as  well  The 
reported  uncertainty  in  Df  is  purely  statistical,  associated  with  the  least  squares  fit  to  the  line,  so 
that  the  actual  uncertainty  is  somewhat  greater. 

The  power  spectrum  of  the  MgO  data,  shown  in  Fig.  3b),  yields  no  clear  evidence  for  such 
fractal  behavior,  although  it  is  consistent  with  the  presence  of  chaos.  The  Fourier  coefficients 
below  about  50  MHz  approximate  l/f0  behavior  with  P  -  1,  much  like  the  Fourier  spectrum  of  1/f 
noise.  Again,  the  sharp  cut-off  beginning  at  about  50  MHz  results  from  the  30  ns  pulse  width  of 
the  photomultiplier  tube  and  represents  the  bandwidth  of  the  detector/amplifier  system.  Although 
1/f  noise  has  been  interpreted  in  terms  of  chaos,  the  Fourier  spectrum  of  the  MgO  data  is  very 
poorly  sampled  below  50  MHz  due  to  the  small  number  of  data  points  used  in  the  analysis. 

Therefore  we  are  hesitant  to  interpret  the  MgO  power  spectrum  in  this  way. 

The  fractal  dimensions  of  the  time  series  data  defined  by  the  phE  measurements  can  be 
more  directly  estimated  with  a  box-counting  algorithm,  A  rectangular  grid  is  superimposed  upon 
the  curve  defined  by  the  phE  data  and  the  number  of  grid  cells  intersected  by  the  curve,  N(r),  is 
determined  as  a  function  of  the  cell  size  of  the  grid,  r.  The  fractal  box  dimension,  Dt,,  is  given  by 
the  slope  of  the  linear  portion  of  the  graph  of  N(r)  vs  (l/r)  on  a  log-log  plot  Fitting  the  linear 
portion  of  the  epoxy  plot  of  Fig.  4a)  to  a  straight  line  yields  Db  =  I  -35  ±  0.03.  Again,  the  reported 
uncertainty  is  that  resulting  from  the  curve  fitting  calculation,  so  that  the  true  uncertainty  is 
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somewhat  greater.  With  this  in  mind,  £>b  is  in  good  agreement  with  Df,  the  fractal  dimension 
measured  from  the  Fourier  spectrum.  A  Mmilar  analj^is  of  the  MgO  data  yields  Db  *  1. 16  ±  0. 1. 
Because  of  the  much  smaller  uncertainties  with  the  fractal  box  dimension  measurements, 

Db  is  preferred  over  Of  as  a  measure  of  fractal  character  for  both  sets  of  data.  On  the  basis  of  the 
next-integral  Db  measurements  from  both  the  epoxy  and  the  MgO,  we  are  confident  that  both  ph£ 
data  sets  are  indeed  fractal. 

4.  Fractal  Dimension  of  Fracture  Surface  (Epoxy) 

The  fractal  dimension  of  a  typical  epoxy  sample  was  also  measured  by  the  slit  island 
technique.6  The  fracture  surface  was  coated  with  about  90  nm  of  gold  and  potted  in  a  clear  epoxy. 
The  potted  sample  was  then  polished  by  hand  to  yield  a  flat  surface  roughly  parallel  to  the  fracture 
surface.  Polishing  was  condnued  until  the  firacture  surface  was  intersected  by  the  polished  surface, 
yielding  "islands"  of  brown  epoxy  surrounded  by  as  yet  unbroken  gold.  Photographs  of  the  island 
structure  were  analyzed  to  determine  the  firactal  dimension  of  the  islands,  Di.  Since  the  perimeter  P 
and  area  A  of  these  islands  are  related  by  the  reiadon  A  *  kiP2/Di,  Di  can  be  determined  from  the 
slope,  Q,  of  a  log-log  plot  of  the  island  area  vs  island  perimeter,  namely: 

Di  =  2/S. 

An  island  area  vs  perimeter  plot  taken  finora  photographs  of  a  roughly  1  mm^  area  of  the  epoxy 
sample  at  one  point  in  the  polishing  process  is  shown  in  Fig.  S.  The  observed  slope  of  1.51 
implies  that  Di »  1.32  ±  0.03.  The  reported  uncertainty  is  again  the  stadsdcai  uncertainty  in  the 
slope  determinadon.  Slope  measurements  on  different  area  vs  perimeter  plots  suggest  that  the 
uncertainty  is  greater,  on  the  order  of  0.09.  Within  the  accuracy  of  our  measurements,  the  fractal 
dimension  of  the  phE  data  from  epoxy  fracture  has  in  fact  the  same  fractal  dimension  as  a  one 
dimensional  cross  secdon  of  the  island  structures  on  the  fractal  surface  (Db  »  1.35  ±  0.03, 
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Di  a  1.32  ±  0.03).  Therefore,  it  is  reasonable  to  conclude  that  phE  fluctuations  during  a  given 
time  interval  reflea  variations  in  the  local  surface  topography  associated  with  the  advance  of  the 
crack  tip  during  the  same  intervaL 

The  relationship  between  the  fractal  dimension  of  the  fracture  surface  and  the  fractal  box 
dimension  of  the  phE  data  may  be  readily  explained  if  the  rapid  fluctuations  in  phE  are  caused  by 
fluctuations  in  the  progress  of  crack  growth.  The  roughness  of  many  fracture  surfaces,  including 
those  which  may  be  described  as  fractal,  is  most  easily  understood  as  the  result  of  crack  branching 
and  void  growth.  Both  phenomena  represent  temporal  and  spatial  fluctuations  in  the  process  of 
crack  growth  which  appear  to  be  refleaed  in  the  accompanying  phE.  Attempts  to  model  the 
process  of  crack  branching  in  brittle  solids  have  met  with  limited  success.  Ravi-Chandar  and 
Knauss  have  demonstrated  that  crack  branching  in  Honnalite  100  involves  the  nucleation, 
interaction,  and  coalescence  of  microcracks  or  voids  in  the  process  zone  of  an  advancing  crack. 
This  branching  activity  may  be  responsible  for  the  fractal  nature  of  many  fracture  surfaces,  as  well 
as  for  the  relatively  slow  crack  growth  (relative  to  the  Rayleigh  wave  speed)  observed  in  many 
materials.  They  argue  that  similar  processes  can  occur  in  other  brittle  materials  as  well. 

Preliminary  attempts  to  apply  the  slit  island  technique  to  the  fracture  surface  of  single 
crystal  MgO  failed  due  to  the  relatively  small  relief  of  the  dominant  surface  features. 

5.  phE  Correlation  Dimension  Estimate 

A  hallmark  of  chaotic  behavior  is  the  fractal  nature  of  the  associated  strange  attractor.  This 
description  assumes  that  a  suitable  phase  space  exists  in  which  the  evolution  of  the  system  may  be 
oaced  as  a  trajectory.  An  attractor  is  a  subsa  of  this  phase  space  to  which  all  nearby  trajectories 
are  attracted,  i.e.  all  trajectories  asymptotically  approach  the  attractor  as  time  progresses.  Chaotic 
systems  are  typically  associated  with  "strange"  attractors,  which  have  non-integral,  fractal 
dimensions.  If  one  determines  that  the  dimension  of  such  an  attractor  is  indeed  non-integral,  the 
underlying  system  can  safely  be  said  to  be  chaodc.20  Unfortunately,  the  most  straightforward 


fractal  measure,  a  genexalization  of  the  box  dimension  noted  above,  is  computationally  untractable 
for  systems  of  dimension  greater  than  about  two.  An  altemadve  measure  of  fractal  character 
described  by  Grassberger  and  Procaccia^^  is  much  easier  to  compute  and  also  reflects  fractal 
character.  Their  correlation  dimension,  Dc.  is  strictly  a  lower  bound  on  the  box  dimension,  but  in 
most  cases  of  physical  importance  near  or  exact  equality  is  obtained.  Although  the  data  sets 
analyzed  here  are  smaller  than  those  typically  used  to  measure  fractal  dimensions  of  model 
systems,  our  experience  with  small  data  sets  of  known  fractal  charaaer  suggests  that  the 
correlation  integral  can  still  yield  useful  information.  A  similar  conclusion  was  reached  by  Kurths 
and  Herzel.22 

A  suitable  phase  space  and  trajectory  can  generally  be  constructed  from  time  series  data, 
such  as  our  ph£  measurements,  using  the  method  of  delays^^*^  proposed  by  Packard  et  al.^"^  and 
Takens.^  The  ph£  data  consists  of  a  series  of  N  intoisity  measurements  made  at  regular  intervals. 
At.  These  measurements  define  a  time  series  (li  s  I(t » i  At):  i  =  1...N}.  Measurements 
made  at  sufficiently  widely  spaced  intervals  (n-At)  may  be  treated  as  independent  variables, 
allowing  one  to  construct  m-dimensional  vectors  Xi  ^  {!{,  Ii-t>2  n>—i^i-*-m*n}  ^^r 
i  3  l...(N-m).  The  quantity  t  ^n-At  is  called  the  phase  space  delay  time.  A  necessary 
requirement  is  that  x  be  chosen  l<mg  enough  to  ensure  significant  variation  among  the  components 
of  Xt,  but  short  enough  to  ensure  that  chaotic  and  stochastic  fluctuations  do  not  destroy  the 
correlation  between  the  components  of  Xi.  A  priori  the  appropriate  dimension,  m,  is  not  known, 
but  consistent  results  are  obtained  in  the  ideal  case  for  any  sufficiently  large  m.  The  trajectory 
defined  by  the  vectors  Xi  in  this  phase  space  will  differ  in  detail  from  the  true  trajectory  in  the  true 
phase  space,  but  the  geometry  of  the  trajectory,  including  its  fractal  dimension,  is  invariant  in  most 
systems  of  physical  significance. 

Grassberger  and  Procaccia  defuie  the  correlation  integral,  C(r),  as 

C(r)  s  limit  x  { the  number  of  pairs  of  points  (i,j)  whose 

N-^oo 

separation  IXi  •  Xjl  is  less  than  r). 
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For  finite  sets  of  data,  this  function  may  be  approximated  by 

,  N-m 

“  Fi(5rTr 

ij=l 


where  H(r)  is  the  Heaviside  function,  defined  as  H(r)  *  1  if  r  >  0;  otherwise,  H(r)  =  0.  Like  N(r) 
in  the  fractal  box  dimension,  a  plot  of  C(r)  versus  r  on  a  log-log  plot  typically  yields  a  straight  line 
in  the  limit  of  small  r.  The  conelation  dimension,  Dc,  is  just  the  slope  of  this  line.  The  appropriate 
phase  space  dimension,  m,  may  be  found  by  computing  C(r)  for  phase  spaces  defined  by  (Xi)  of 
increasingly  higher  dimensions.  For  dimensions  m  <  Dc.  the  slope  of  the  log(C(r))  vs  log(r)  plot 
should  be  equal  to  m,  the  dimension  of  the  phase  space  used  in  the  computadon.  If  the  trajectory  is 
associated  with  a  strange  attractor,  the  slope  of  the  log(C(r))  vs  log(r)  plot  will  be  nonintegral  and 
equal  to  Dc  for  sufficiently  large  phases  space  m.  (n  the  analysis  of  numerical  data,  the  choice  of  m 
involves  a  trade  off.  While  increasing  m  generally  reduces  systemadc  errors,  it  also  increases 
stadsdcal  errors. 

Figure  6  displays  log-log  plots  of  C(r)  for  several  values  of  m  for  both  the  epoxy  and  the 
MgO  data.  The  indicated  dimension  measurements  were  made  using  the  darken  portions  of  the 
curves,  which  were  chosen  to  avoid  the  region  of  poOT  coundng  stadsdcs  at  low  values  of  C'(r) 
and  the  region  of  stochasdc  fluctuadons  at  low  r.  Both  sets  of  correladon  integrals  show  a  clear 
tendency  toward  saturadon  for  m  ^  5,  with  [X;  ~  3.3.  This  saturadon  is  not  complete,  as  we 
observe  a  small  increase  in  slope  with  m  for  m  ^  S,  most  likely  the  consequence  of  the  small  data 
sets  used  in  the  analysis.  Most  importandy,  the  observed  saturadon  is  strong  evidence  that  the 
larger  fluctuadons  in  the  phE  are  not  stochasdc.  Further,  the  saturadon  at  a  nonintegral  slope  is 
strong  evidence  that  these  fluctuadons  are  associated  with  a  strange  attractor,  and  thus  are  chaodc 


in  nature. 
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The  cocieladon  integrals  of  the  epoxy  data  show  some  curvature  at  intermediate  values  of  r 
which  may  indeed  be  real,  not  the  result  of  poor  statistics.  If  so,  this  suggests  that  the  attractor 
may  be  best  described  by  a  fractal  dimension  which  effectively  depends  on  r.  Analogous 
observations  have  been  made  concerning  the  fractal  dimension  of  fracture  surfaces  of  certain  steels. 
When  very  wide  ranges  of  surface  feature  sizes  are  used  in  the  analyses,  the  effective  surface 
fractal  dimension  is  found  to  vary  somewhat  with  feature  size.^  However,  over  ~  two  decades  of 
surface  feature  dimension,  this  dimension  is  nearly  constant,  as  observed  in  the  above  slit  island 
analysis  of  the  epoxy  surface.  The  possible  connection  between  deviations  from  strictly  fractal 
behavior  in  surface  features  and  in  phE  data  is  a  promising  area  for  further  study. 

At  very  low  r,  many  of  the  correlation  integrals  of  the  MgO  phE  data  show  a  sharp  increase 
in  slope.  This  transition  occurs  at  r  "  4  for  low  no,  where  the  pair  counting  statistics  are  still  rather 
good.  In  this  low  r  region,  the  slopes  of  the  correlation  integral  are  nearly  equal  to  m,  the  phase 
space  dimension.  This  is  characteristic  of  purely  stochastic  data,^  and  implies  that  phE 
fluctuations  below  the  transition  are  dominated  by  stochastic  processes,  such  as  white  noise.  Thus 
the  MgO  data  are  characterized  by  a  low  intensity  white  noise  of  amplitude  r  ~  3,  while  the  larger 
fluctuations  are  largely  deterministic  and  fractal.  The  epoxy  data  show  a  similar  transition  at  yet 
smaller  value  of  r,  not  shown  in  Hg.  6a). 

As  noted  above,  the  saturation  of  the  correlation  integrals  at  a  nonintegral  slope  is  strong 
evidence  that  these  fluctuations  are  associated  with  a  strange  attractor,  and  are  thus  chaotic  in 
nature.  The  correlation  dimension,  D^,  can  be  used  to  provide  convenient  if  approximate  bounds 
on  the  dimensionality  of  mathematical  models  which  hope  to  describe  the  chaos  associated  with  the 
phE  data.  A  strict  lower  bound  on  the  dimensionality  of  such  models  is  provided  by  the  box 
dimension  of  the  attractor,  Di,.  Since  Db  >  Dc  ~  3.3,  we  expect  that  at  least  four  dimensions,  or 
degrees  of  freedom,  are  needed.  A  theorem  due  to  Whimey  gives  an  upper  bound  on  the  necessary 
dimensionality  equal  to  twice  the  local  topological  dimension  of  the  attractor. 26*27  If  Dc  -  Db,  this 
local  dimension  is  four,  and  thus  an  upper  bound  on  the  necessary  dimensionality  is  eight  This 
estimate  is  made  without  regaicl  to  the  physical  interpretation  of  the  relevant  dimensions,  so  a 
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physical  model  could  in  principle  require  more  dimensions.  However,  many  if  not  most  of  the 
commonly  used  model  chaotic  systems  are  described  by  mathematical  models  with  dimensionality 
close  to  the  local  topological  dimension  of  the  attractor,  which  is  in  this  case  about  four.  Thus 
there  is  reason  to  hope  that  relatively  low  dimensional  models  may  be  constructed  which 
reasonably  describe  the  chaotic  dynamics  of  the  fracture  process. 

6.  Lyapunov  Exponent  Estimates 

Lyapunov  exponents  are  among  the  most  useful  quantities  in  characterizing  chaotic 
systems.  On  sufficiently  small  time  scales,  nearby  trajectories  in  phase  space  tend  to  converge  or 
diverge  exponentially.  The  Lyapunov  exponents  indicate  the  average  exponential  rate  of 
convergence  or  divergence  for  a  dynamical  system.  Wolf  et  aL  have  developed  a  method  often 
capable  of  determining  the  largest  Lyapunov  exponent  for  systems  described  by  finite  data  sets  in 
the  presence  of  noise. 28  We  have  employed  this  method  to  study  these  two  daa  sets.  A  positive 
Lyapunov  exponent  is  conclusive  evidence  for  chaos,  and  reflects  the  time  scale  over  which  the 
evolution  of  a  dynanucal  system  becomes  unpredictable. 

We  Stan  with  a  reconstructed  phase  space  based  on  the  method  of  delays,  as  described 
above.  As  the  data  define  only  one  trajectory,  we  cannot  in  practice  follow  the  progress  of  two 
nearby  trajectories.  However,  as  the  trajectories  associated  with  aniactors  are  typically  somewhat 
cyclic,  the  convergence  or  divergence  of  nearby  points  on  different  "orbits"  of  the  same  trajectory 
can  be  used  to  estimate  the  exponents.  Whatever  trajectories  are  used  in  the  computation,  their 
characteristic  divergence  cannot  be  maintained  beyond  the  "diameter"  of  a  typical  cxbit,  Le.  the 
magnitude  of  the  largest  fluctuations  characteristic  of  the  system.  To  ensure  that  the  separation 
between  the  trajectories  used  in  the  analysis  remains  sufficiently  small,  one  periodically  replaces 
the  nearby  trajectory  with  another,  closer  trajeaory.  The  choice  of  replacement  time  interval,  T, 
involves  a  trade  off  between  sources  of  error  associated  with  long  propagation  times,  and  sources 
of  error  associated  with  the  replacement  process.  The  robusmess  of  the  exponent  estimate  with 
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respect  to  changes  in  phase  space  dimension,  m,  phase  space  delay  time,  t,  and  replacement 
interval  T,  are  generally  good  indicators  that  the  problems  associated  with  this  choice  are  under 
control  The  maximum  Lyapunov  exponent  is  then  estimated  as 


^max 


where  L'(t)  is  the  separation  of  the  fiducial  trajecttxy  and  the  nearby  trajectory  at  time  t,  (tiJare  the 
times  at  which  the  nearby  trajectories  are  replaced,  and  P  is  the  number  of  trajectory  replacements, 
tf  and  to  are  final  and  initial  times  associated  with  the  time  series,  respectively.  Measuring  time  in 
units  of  sampling  intervals  and  using  base  2  in  the  logarithm  of  Eq.  4  yields  Lyapunov  exponent 
estimates  in  units  of  bits  per  sampling  interval 

Rgure  7  shows  a  series  of  Lyapunov  exponent  estimates  made  ftom  epoxy  phE  data  as  a 
function  of  propagation  time,  T.  These  estimates  show  a  region  of  relatively  stable  values  in  the 
region  of  6-16  sampling  intervals.  The  corresponding  Lyapunov  exponent  estimate  is  0.017  ± 
0.003  bits  per  sampling  interval,  or  1.7  bits/^s.  This  estimate  shows  fair  stability  with  respect  to 
changes  in  phase  space  and  dimension,  and  thus  is  reasonably  reliable.  The  positive  sign  of  this 
estimate  is  further  strong  evidence  for  deterministic  chaos  in  the  ph£  process. 

The  small  amount  of  stationary  phE  data  from  the  MgO  sample  makes  the  estimate  of 
Lyapunov  exponents  computationally  unreliable.  However,  the  behavior  of  the  estimates  as  the 
computations  proceed  suggests  that  the  largest  exponent  is  indeed  positive 


7.  Discussion  and  Conclusion 

The  irregular  fluctuations  of  phE  during  the  fracture  of  many  materials  indicate  that 
determiiustic  chaos  is  a  feature  of  the  ph£  in  many  materials.  In  the  case  of  the  epoxy  and  single 
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crystal  MgO,  several  measures  of  iractal  and  chaotic  behavior  strongly  suppon  this  interpretation. 
The  most  precise  measure  of  fractal  behavior  used  in  this  study,  the  fractal  box  dimension, 
indicates  that  the  phE  fluctuations  are  indeed  fractal,  with  fractal  dimensions  of  1.35  for  the  epoxy 
and  1.16  for  the  MgO.  The  fractal  dimensions  deterrruned  from  the  Fourier  spectrum  of  the  epoxy 
ph£  data  is  consistent  with  the  corresponding  box  dimension,  but  displays  limited  precision.  The 
correlation  integrals  of  phE  data  from  both  materials  indicate  that  the  observed  fluctuadons  can 
indeed  be  described  in  terms  of  an  attractor  of  nonintegral  dimension  and  therefore  associated  with 
chaos.  The  positive  Lyapunov  exponent  estimate  for  the  epoxy  data  is  additional  evidence  for 
chaos  in  the  phE/fracture  process  in  this  material.  We  therefore  conclude  that  the  phE 
accompanying  the  fracture  of  the  epoxy  displays  significant,  chaotic  fluctuations.  The  evidence  for 
chaotic  fluctuations  in  the  phE  from  single  crystal  MgO  is  also  strong. 

Slit  island  analysis  of  the  epoxy  surface  indicates  that  the  fracture  surface  of  this  polymer  is 
fractaL  Measurements  of  fracture  surface  fractal  dimensions  have  hitherto  largely  been  restricted  to 
single  crystal  and  polycrystalline  metals  and  ceramics.  The  observation  of  fractal  geometry  in  a 
brittle  polymer  suggests  that  the  techniques  of  fractal  analysis  are  applicable  to  this  class  of 
materials  as  well  Further,  phE  fluctuations  during  the  fracture  of  the  epoxy  have  the  same  fractal 
dimension  as  a  one-dimensional  cross  section  of  the  fracture  surface.  Within  a  given  class  of 
materials,  the  fracture  surface  fractal  dimension  often  correlates  well  with  fracture  toughness.^*^ 
phE  fluctuations  during  fracture  appear  to  reflect  the  the  creation  of  the  same  set  of  self-similar  (or 
self-affine)  structures  that  constitute  the  fracture  surface  and  which  contribute  to  material 
toughness.  Thus  phE  measurements  may  prove  useful  in  studies  of  dynamic  crack  growth  and 
arrest  in  which  variations  of  toughness  are  important  For  instance,  the  ease  of  data  collection  and 
analysis  of  phE  data  relative  to  the  analysis  of  fracture  surfaces  may  make  phE  measurements 
valuable  in  the  identification  of  promising  samples  in  surveys  of  materials  prepared  under  a  variety 
of  conditions. 

Dynamic  crack  growth  is  a  dissipative,  nonlinear  process.  Many  dissipative,  nonlinear 
systems  display  chaos  over  certain  ranges  of  their  parameters.  Quios  may  also  result  from  the 
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perturbation  of  a  nonlinear  system.  A  crack  nsight  experience  such  perturbations  upon 
encountering  defects,  which  can  serve  as  nucleadon  sites  for  voids  and  microcracks  in  the  prcx:ess 
zone  of  the  advancing  crack.  Crack  defection  accounts  for  the  effect  of  nhcrostructure  upon 
hractuze  toughness  observed  in  many  materials.  The  interaction  of  the  crack  dp  with  acousdc 
waves  generated  in  microfracture  events  and  their  reflecdons  could  represent  significant 
perturbadons  in  the  fiacture  of  single  crystal  materials  such  as  the  MgO  in  this  study.  Since 
diffusion  and  aggregadon  often  result  in  fractal  stiuctures,^^  it  is  possible  that  in  some  systems  a 
fractal  distribudon  of  defects  actually  results  in  chaodc  perturbadons.  The  correladon  between 
fracture  surface  fractal  dimension  and  toughness  in  some  materials  systems^*^  suggests  that  an 
understanding  of  the  chaos  producing  mechanisms  accompanying  fracture  may  increase  our  control 
of  material  toughness  through  microstructural  modificadons. 

Methods  cunendy  being  developed  to  describe  chaos  in  dynamical  systems  may  prove 
useful  in  describing  dynamic  crack  growth,  pardcularly  as  they  relate  to  fluctuadons  in  the 
processes  of  crack  growth  and  branching.  Models  of  these  processes  have  hitherto  met  with 
limited  success,  and  the  presence  of  processes  which  are  extremely  sensidve  to  noise  or  inidal 
condidons  would  definitely  be  a  complicadng  factOT.  Recendy  developed  methods  of  data  analysis 
may  allow  quandtadve  comparison  of  chaodc  data  with  mathemadcal  models.^*^  The  low 
dimensionality  of  the  attractors  observed  in  this  study  indicate  that  models  realisdcally  describing 
the  chaodc  aspects  of  fracture  can  be  constructed  with  reladvely  few  degrees  of  freedom. 

The  results  of  this  study  suggest  that  phE  measurements  are  useful  probes  of  the 
producdon  of  fractal  surface  structures  in  real  dme.  Thus,  phase  space  trajectories  reconstructed 
from  phE  data  may  prove  useful  in  tesdng  models  of  dynamic  crack  growth,  especially  when 
chaodc  processes  are  involved. 
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Figure  Captions 

FIG.  1.  phE  measurements  made  during  fracture  of  a)  the  epoxy  and  b)  single  crystal  MgO.  The 

FIG.  2.  Autocorreiadons  of  ph£  data  from  a)  the  epoxy  and  b)  single  crystal  MgO. 

FIG.  3  The  Fourier  power  spectra  of  a)  the  epoxy  and  b)  single  crystal  MgO.  Logarithmic  scales 
are  used  on  both  axes. 

FIG.  4.  Plots  of  N(r)  vs  (1/r)  used  in  the  determinadon  of  the  fractal  box  dimension,  Db,  of  the 

ph£  data  frrom  a)  the  epoxy  and  b)  single  crystal  MgO.  Logarithmic  scales  are  used  on  both 
axes. 

FIG.  5.  Graph  of  island  area  vs  island  perimeter  as  measured  in  the  slit  island  analysis  of  an 
epoxy  fracture  surface.  The  indicated  slope  is  based  on  63  island  measurements. 
Logarithmic  scales  are  used  on  both  axes. 

FIG.  6.  Correladon  integral  computanons  for  ph£  data  from  a)  the  epoxy  and  b)  single  crystal 

MgO  as  a  funcdon  of  phase  space  dimension.  The  slopes  result  from  linear  least  squares 
fits  to  the  darkened  pordons  of  the  curves.  The  phase  space  delay  dme  in  both  sets  of 
calculadons  is  10  ns.  Logarithmic  scales  are  used  on  both  axes. 

FIG.  7  Lyapunov  exponent  estimates  made  from  the  epoxy  ph£  data  as  a  funcdon  of  evoludon 

dme,  T.  The  phase  space  delay  dme  and  dimension  used  in  the  computanons  are  30  |is  and 
5,  respecdvely. 
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Correlation  Integrals  of  phE  Data 
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IX.  PROPERTIES  OF  THE  PHOTON  EMISSION  ACCOMPANYING 
THE  PEELING  OF  A  PRESSURE  SENSITIVE  ADHESIVE 


Ma  Zheayi,  Faa  Jiawcn,  and  J.  T.  Dickinson 
Department  of  Physics 
Washington  State  University 
Puilman,  WA  99164.2814 


ABSTRACT 


During  the  peeling  of  pressure  sensitive  adhesives,  it  is  well  known  that  visible 
light  is  emitted  from  the  region  near  the  detachment  zone.  This  photon  emission 
due  to  adhesive  failure  is  a  unique  form  of  triboluminescence.  In  this  paper,  we 
further  investigate  the  properties  of  this  li^t  from  the  peeling  of  a  filament  tape 
with  a  natural  rubber-resin  adhesive  from  its  backing  at  various  peel  speeds.  We 
show  conclusively  that  small  electrostatic  discharges  are  the  major  source  of  this 
radiation.  Total  intensity  vs  time  measurements  show  that  the  light  consists  of 
very  intense  bursts  with  typical  duration  of  SO  ns  which  frequently  induce 
additional  discharges  for  times  as  long  as  SO-lOO  jXS.  lune  resolved  spectra  of 
these  emissions  show  them  to  be  dominated  by  the  line  spectrum  of  molecular 
nitrogen  for  both  the  initial  bursts  and  those  that  follow  in  the  next  0. 1- 100  ^s. 
Thus,  the  "after-emission"  is  not  due  to  phosphorescence  of  the  polymerfs),  but 
due  to  these  additional  electrostatic  discharges. 


KEYWORDS:  adhesive,  pressure  sensitive,  peeling,  triboluminescence,  photon  emission,  fracto- 
emission,  charge  separation,  electrical  breakdown,  microdischarge,  optical  spectra, 
time  resolved  spectroscopy. 
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I.  INTRODUCTION 

A  Dumber  of  researchers^*^  have  investigated  the  well  known  triboluminescence 
observed  during  the  peeling  of  adhesives  from  polymen  and  other  substrates.  This  photon 
emission  accompanying  peeling  of  pressure  sensitive  adhesives  and  other  forms  of  interfacial 
failure  has  been  attributed  to  small  gaseous  discharges  due  to  the  intense  charge  separation 
which  occun  during  the  separation  between  two  dissimilar  materials  such  as  the  adhesive  and  a 
substrate.  One  test  of  these  mechanisms  which  we  performed  involved  peeling  metal  films 
from  an  inorganic  insulator  (glass)  and  found  entirely  similar  behavior.^ 

In  previous  work  we  have  presented  details  of  the  properties  of  the  light  as  well  as  the 
charged  particle  emission  from  systems  undergoing  adhesive  failure.^*  ^  ^  In  particular,  we  have 
presented  results  showing  that  the  detachment  of  a  commercial  brand  of  filament  reinforced 
pressure  sensitive  tape  from  its  own  backing  leads  to  strong  bursts  of  photon  and  radio  wave 
emission  that  were  strongly  correlated  in  time'*  and  that  are  highly  localized  spatially  in  the 
vicinity  of  the  peel  zone.^  Furthermore,  we  showed  that  the  averaged  intensity  vs  time 
behavior  of  these  bursts  consist^  of  a  narrow,  intense  spike  on  the  order  of  SO  ns  in  duration 
followed  by  a  decay  lasting  typically  for  50  to  100  ju.  We  interpreted  the  spike  (found  to  be  in 
coincidence  with  the  onset  of  radio  wave  emission)  to  be  the  light  from  the  discharge.  The 
after-emission  (the  tail)  was  attributed  to  phosphorescence  from  the  discharge  activated  surface. 

Earlier  published  data  on  considerably  different  polymer/ substrate  combinations  (e.g., 
PVC  from  glass)  taken  at  low  spectral  resolution  (by  use  of  filters)  have  been  presented  by 
Ohara  et  al.*  and  Klyuev  et  al.^  Ohara  et  al.  observed  the  most  intense  emission  in  the  region 
of  the  spectrum  below  490  nm,  consistent  with  gaseous  discharges  in  air.  At  low  pressures, 
features  ascribable  to  luminescence  of  the  glass  substrate  were  also  observed. 

In  this  paper,  we  present  higher  resolution  spectral  measurements  of  the  photon  emission 
from  the  peeling  of  3M  Scotch  Filament  Tape  No.  893  detached  from  its  own  backing.  We 
present  measurements  of  the  time  dependence  of  this  emission,  acquired  at  a  faster  time  scale. 
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In  addition,  we  have  obtained  time- resolved  and  time  integrated  spectra  of  this  light.  We 
examine  the  spectrum  as  a  function  of  time  relative  to  the  larger  bursts  of  light  over  a  time 
range  of  100  ns  to  several  tens  of  microseconds.  These  results  verify  that  indeed  the  initial 
bursts  are  due  to  the  breakdown  of  air,  and  show  that  the  after-emission  is  due  to  additional, 
smaller  microdischarges  triggered  by  the  initial  burst,  rather  than  phosphorescence  from  the 
adhesive/backing  polymers.  In  addition,  we  have  also  compared  the  light  emitted  from  the 
surface  several  mm  from  the  crack  tip  vs  from  the  crack  tip  and  see  again  discharge- like 
spectra.  The  origin  of  this  light  is  shown  tc  be  due  to  "light  piping*  of  emission  from  the  crack 
tip,  along  the  filaments. 


n.  EXPERIMENT 

We  selected  3M  Scotch  Brand  Filament  Tape  as  a  test  material.  The  adhesive  is  a  natural 
rubber  combined  with  a  tackifying  agent  which  is  a  hydrocarbon  resin  appearing  to  be  terpene 
based.  More  tackifier  is  used  on  the  face  of  the  adhesive  and  less  in  the  saturating  layer 
binding  the  glass  filaments  to  the  backing.  The  polyester  tape  backing  has  been  treated  with  a 
release  coating  with  a  critical  surface  tension  for  wetting  of  approximately  21  dynes/cm.  The 
experimental  geometry  consisted  of  a  roller  arrangement  such  that  pre-made  sandwiches  of 
adhesive  and  backing  may  be  peeled  apart  continuously  in  total  darkness  and  in  the  vicinity  of  a 
photomultiplier  or  spectrometer  in  a  T-Peel  fashion.  All  experiments  were  performed  in  air  at 
room  temperature.  The  relative  humidity  during  these  tests  can  have  an  influence  on  the 
intensity  of  the  emission  and  fell  in  the  range  from  25-33%. 

In  Fig.  1  we  show  a  schematic  diagram  of  the  system  for  acquiring  spectra  of  the  photon 
emission  accompanying  adhesive  failure.  The  detachment  zone  of  the  T-Peel  was  placed 
approximately  1  cm  from  the  entrance  slit  of  the  spectrometer.  The  crack  orientation  was  at 
right  angles  to  the  slit  to  minimize  stray  light  in  the  spectrometer.  A  1200  lines/mm  grating 
spectrograph  (Thermo  Jarrell  Ash  Monospec-18)  was  used  with  a  EG<kG  Model  1421  gatable. 
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intensified  position  sensitive  detector,  responsive  to  light  in  the  region  between  200-830  am. 
Both  dme-ftvenged  and  time-resolved  data  were  acquired  utilizing  an  EGAG  OMA-HI  system. 

A  photomultiplier  (PMT  in  Fig.  1)  located  near  the  peel  zone  was  used  to  monitor  total 
light  intensity  vs  time.  With  suitable  circuitry,  bursts  of  light  in  the  peel  zone  were  transformed 
to  10  ns  trigger  pulses  within  a  few  ns  of  the  onset  of  the  bursts.  With  a  discriminator,  large 
bursts  could  be  easily  selected  from  a  distribudon  of  sizes.  The  spectrometer  detector  could  be 
gated  on  at  any  time  relative  to  this  pulse  between  70  ns  -  13  ms  and  held  open  for  timit 
intervals  from  100  ns  -  10  ms.  Time  integrated  spectra  were  acquired  for  time  intervals  of 
approximately  10  s  which  would  correspond  to  >5000  bursts.  This  light  thus  represented  an 
average  of  the  light  emitted  before,  during  and  following  isolated  bursts. 

For  wavelength  calibration  we  used  a  commercial  mercury  lamp  whose  spectrum  contains 
several  shorter  wavelength  lines  in  the  region  of  interest. 

Fig.  2  shows  a  block  diagram  of  the  experimental  apparatus  for  acquiring  total  intensity 
vs  time  measurements.  In  this  experiment  the  PMT  output  for  a  larger  burst  of  photons  was 
treated  as  a  rapidly  varying  current  pulse.  After  converting  this  current  into  a  voltage,  the 
resulting  signal  was  amplified  by  a  fast  DC  amplifier.  This  amplified  signal  was  then  digitized 
at  time  intervals  of  5  os/channel.  The  data  were  stored  in  a  LeCroy-3500  Data  Acquisition 
System. 


in.  RESULTS 

Preliminary  studies  of  time  integrated  spectra  {over  the  interval  from  200-600  nm)  of 
the  visible-near  uv  light  produced  during  the  peeling  of  3M  Filament  Tape  from  its  own 
backing  showed  that  the  emission  was  all  concentrated  in  the  wavelength  interval  from  300-440 
nm.  The  time  integrated  spectrum  in  this  region  is  shown  in  Fig.  3.  Since  the  data  was 
acquired  continuously  (therefore  before,  during,  and  following  a  large  number  of  bursts),  it 
contains  photons  produced  both  during  the  discharges  and  afterwards.  First,  we  note  that  it  is  a 


148 


discrete  spectrum.  When  compared  with  the  characteristic  gaseous  discharge  emission  of  N2, 

O2,  CO2.  and  other  gaseous  molecules,  we  found  that  each  of  the  lines  in  the  peel- induced 
spectnun  corresponded  to  N2  spectral  lines.  The  transitions  observed  are  the  strong  features  of 
the  Triple  Headed  Band*^  involving  the  N2  electronic  states:  B  V— >  C  The  individual 
lines  correspond  to  various  vibrational  states  within  each  of  these  electronic  levels.  The  fall  off 
in  intensity  towards  shorter  wavelengths  seen  in  several  of  the  spectral  lines  is  due  to  rotational 
fine  structure. 

It  should  be  noted  that  at  our  resolution  the  strong  O2  emission  lines  in  this  region  of 
the  spectrum  overlap  with  some  of  the  N2  lines,  e.g.,  at  336.7  nm.  However,  another  strong  O-^ 
emission  line  at  410  nm  was  undetectable.  Consequently,  we  can  ignore  any  O2  contribution  to 
the  observed  lines,  including  336.7  nm. 

We  emphasize  that  in  no  part  of  the  spectrum  do  we  observe  any  evidence  of  broadband 
emission,  characteristic  of  a  surface  or  solid  state  luminescence  process,  which  as  previously 
mentioned,  we  had  expected. 

In  an  attempt  to  separate  out  possible  luminescence  spectra  from  the  discharge  spectra, 
we  acquired  time  resolved  spectra  of  the  light  produced  after  the  bursts,  using  the  system  shown 
in  Fig.  1.  Four  time  intervals  were  investigated: 

a)  70  ns  to  10  jis, 

b)  1  us  to  1 1  >is, 

c)  10  us  to  20  >is,  and 

d)  50  us  to  60 

Here,  the  t-0  pulse  is  within  a  few  ns  of  the  rise  of  the  photons  in  single  bursts.  Each 
spectrum  (Fig.  4)  represents  acquisition  of  lO"*  bursts.  Because  the  light  intensity  is  falling 
rapidly  with  time,  it  was  necessary  to  sacrifice  spectral  resolution  increasing  the  slit  width. 
Nevertheless,  we  see  that  the  basic  shape  of  the  spectrum  does  not  change.  The  after-emission 
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has  the  same  basic  character  of  light  from  a  discharge  in  air  as  opposed  to  some  form  of  I 

phosphorescence  from  the  material  surfaces. 

In  order  to  explain  how  such  discharge-like  spectra  could  occur  so  long  after  an  initial 
burst,  we  examined  in  more  detail  the  decay  of  the  total  light  intensity  following  the  bursts.  | 

Fig.  S  shows  a  signal  averaged  intensity  vs  time  distribution  of  the  photon  bursts  as  detected  by 
the  PMT  during  peeling.  The  data  were  acquired  at  5  ns/channel  and  represent  an  average  over 
several  thousand  bursts.  Fig.  Sa  are  the  results  showing  every  channel  (i.e.,  every  5  ns)  in  the 

I 

vicinity  of  the  burst;  Fig.  Sb  shows  the  results  with  data  displayed  every  0.1  jis.  These  time 
averaged  intensities  show  that  the  major  peak  has  a  feature  which  lasts  less  than  50  ns,  perhaps 
limited  by  the  amplifier  electronics.  This  is  followed  by  a  second  decay  of  with  an  equivalent 
time  constant  of  1  jis.  Finally  a  third  component  decays  with  an  equivalent  time  constant  of  20 
us.  These  results  are  consistent  with  earlier  pulse  counting  studies.^  During  all  of  these  regions 
of  time  the  spectra  show  discharge  character. 

Although  the  decaying  emission  shown  in  Fig.  5  appears  very  smooth,  careful  analysis  of 
single  bursts  show  that  it  is  in  fact  a  superposition  of  many  bursts  that: 

! 

1)  occur  in  a  time  correlated  fashion  with  the  initial,  generally  stronger  burst,  and 

2)  decay  in  frequency  and  intensity  as  time  progresses  following  the  initial  burst. 

In  Fig.  6,  we  show  examples  of  these  isolated  Ph£  bursts  produced  during  peeling  of  the 
adhesive  tape,  where  the  arrows  indicate  the  onset  of  the  initial  burst.  Both  Fig.  6a  and  6b 
show  two  to  three  bursts  occurring  on  the  time  scale  of  a  microsecond  from  single  initial  bursts. 

Also,  viewing  a  large  number  of  such  data,  we  see  no  evidence  of  any  smaller  precursors  to  the 
initial,  larger  bursts. 

If  we  allow  large  numbers  of  these  events  to  accumulate  by  integrating  their  intensities 
by  means  of  signal  averaging,  they  form  the  smooth  curves  shown  in  Fig.  5.  Thus,  the  decay 
constants  are  really  determined  by  the  frequency  and  size  of  these  "multiple  strikes",  rather  than 
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a  solid  state  relaxation  process  such  as  observed  in  thermally  stimulated  luminescence.^^ 

Instead,  it  involves  a  relaxation  of  surface  charge  and  the  interaction  of  the  initial  discharge 
with  the  charged  surfaces  and  gases  nearby. 

One  other  observation  that  was  suggestive  of  long  decay  in  the  light  intensity  was  made 
by  eye.  When  peeling  the  adhesive  tape  in  the  dark,  one  could  clearly  see  light  coming  from 
the  freshly  detached  surfaces,  particularly  on  the  adhesive  side,  for  as  far  as  1-2  cm  away  from 
the  crack.  Could  we  be  missing  a  long  lasting  phosphorescence?  By  use  of  proper  baffles  we 
could  allow  this  light  to  enter  the  spectrometer  and  exclude  the  light  from  the  crack.  The 
resulting  spectrum  is  shown  in  Fig.  7.  Again,  a  discharge- like  spectrum  was  observed  with 
slight  changes  in  the  relative  intensities  (e.g..  Fig.  3).  Examination  of  the  light  propagating 
properties  of  the  tape  showed  us  that  indeed  photons  could  be  transmitted  from  the  crack  tip 
region,  most  likely  down  the  strands  of  glass  reinforcing  fibers,  and  be  scattered  out  to  the 
observer,  normal  to  the  tape  surface.  The  changes  in  relative  spectral  line  intensities  can  be 
attributed  to  the  "filtering",  i.e.,  the  selective  absorption  of  the  light,  which  might  occur  in 
passing  through  the  fibers  and  adhesive,  apparently  favoring  the  more  violet  part  of  the 
spectrum.  So  again,  there  is  no  evidence  of  long  delayed  emission  after  fracture  and  the  light 
observed  away  from  the  crack  is  an  artifact  due  to  the  "light  piping"  ability  of  this  particular 
adhesive  tape  via  the  filaments  it  contains. 

As  we  have  reported  earlier,  the  total  photon  emission  intensities  depend  on  peel  speed.  ^ 
In  Fig.  8  we  show  on  a  log  scale  the  dependence  on  the  peel  speed  of  the  integrated  emission 
intensity  between  the  wavelengths  300  nm-440  nm  (♦)  and  the  intensity  of  a  single  N2  discharge 
spectral  line  at  336.7  nm  (6),  where  we  have  normalized  the  data  at  a  single  point  [26  cm/s]. 

The  behavior  is  essentially  the  same  in  both  curves,  namely  a  rapid  increase  in  intensity  (nearly 
exponential)  followed  by  a  "saturation  at  a  peel  speed  of  ~  10  cm/s  with  evidence  of  a  slight 
decrease  at  the  highest  speeds. 

In  examining  the  relative  spectral  intensities  of  two  lines  taken  at  different  peel  speeds, 
we  find  that  the  ratio  of  the  peaks  at  316  and  335  nm  changes,  namely  the  ratio  I3 15/1335 
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decreases  with  peel  speed.  These  lines  correspond  to  transitions  involving  two  vibrational  states, 
namely  v*!  and  v^O,  and  to  a  first  approximation,  this  ratio  represents  the  relative  populations 
of  these  two  vibrational  levels.  Letting  n^  and  n^  represent  the  respective  populations,  we  have; 

*316^*335  ■  “l/“o  ■ 

where  and  are  the  known  vibrational  energies  of  N2  for  v>l  and  v«0.  From  the 
measured  line  intensities  we  can  therefore  calculate  an  average  temperature  in  the  discharges 
during  peeling.  Taking  two  extreme  values  in  peel  speed  we  calculate  the  following 
temperatures  for  the  "sparks”  created  during  peeling: 

slow  (0.7  cm/s)  4200  K 

fast  (  15  cm/s)  3300  K. 

Thus,  at  these  particular  peeling  speeds,  the  slower  peel  yields  "hotter”  discharge  events.  These 
different  temperatures  suggest  that  discharge  conditions  in  terms  of  charge  separation  and  gas 
composition  in  the  crack  tip  are  more  favorable  at  the  lower  speed  for  the  production  of  higher 
energy  breakdown  events.  As  a  consequence  the  gases  in  the  "arc"  reach  higher  temperatures  at 
the  lower  peel  speed.  Thus,  the  much  lower  overall  intensity  at  the  lower  peel  speed  (Fig.  8)  is 
due  to  a  much  smaller  number  of  discharge  events  per  unit  length  of  peel. 

If  we  hold  the  peel  speed  constant  but  vary  the  water  content  of  the  air  by  artifically 
introducing  water  vapor  in  the  region  of  the  peel,  we  note  that  the  intensity  of  the  emission 
drops  considerably.  This  so-called  "wet”  condition  corresponded  to  80%  relative  humidity.  If 
we  compare  spectra  for  this  "wet”  condition  with  the  "dry”  condition  (slightly  different 
conditions  then  above),  the  ratio  I315/I335  decreases  when  the  water  content  of  the  air  is 
higher.  For  a  peel  speed  of  2.7  cm/s,  the  calculated  spark  temperatures  were: 
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a)  WET  3900  K 

b)  DRY  5100  K, 

thus  showing  that  the  higher  humidity  reduces  the  effective  strength  of  the  discharges  occurring 
in  the  peel  zone. 


rv.  DISCUSSION 


From  the  experiment  phenomenon  we  observed,  we  conclude  that  the  photon  emission  is 
produced  by  excited  electronic  transitions  in  gaseous  N2.  The  discharge  responsible  for  this 
excitation  initiates  because  of  intense  electric  fields  created  by  the  charge  separation  as  the 
rubber  adhesive  detaches  from  the  release  coated  polyester  backing.  The  breakdown  of  the  gas 
takes  place  when  the  strength  of  the  electric  field  attains  a  critical  value  for  the  particular  gases 
in  the  crack  tip. 

Immediately  following  the  discharge  event,  secondary  "strikes”  can  occur  in  the  vicinity 
of  the  initial  discharge.  Electrons  or  ions  created  in  the  first  discharge  move  in  a  diffusion 
manner  under  the  influence  of  the  electric  field  and  create  secondary  charge  via  collisions  with 
gas  molecules  and  surfaces. 

The  drift  velocity  in  air  at  atmospheric  pressure  can  be  estimated  and  therefore  the 
distance  the  charge  might  travel  before  a  second  "strike”  might  occur.  Experimentally  derived 
curves  are  used^^  which  depend  on  the  electric  field  strength,  gas  pressure,  and  temperature. 


Assuming  an  electric  field  strength  is  20,000  V/cm  (the  breakdown  potential  of  dry  air),  a 
temperature  of  293  K,  and  a  pressure  of  760  torr,  we  determine  the  following  drift  velocities  in 
air  and  distances  the  particles  move  in  various  times  following  the  initial  breakdown  evenc 


electrons 

S  X  10^  cm/s 

S.O  mm 

40  cm 

3  X  10^  cm/s 

0.03  mm 

1.3  cm 

O" 

1  X  10^  cm/s 

0.1  mm 

5.0  cm 

At  atmospheric  pressure,  the  ionic  states  are  extremely- probable,  so  that  the  distances  we 
expect  the  charges  to  move  are  on  the  order  of  a  cm  or  less.  The  crack  only  moves  about  0.003 
mm  in  a  SO  jis  time  period,  so  that  it  is  not  likely  that  the  induced  arcs  are  in  the  direction  of 
the  peel  zone.  More  likely  are  regions  alone  the  oeel  zone.  Since  the  tape  is  2  cm  in  width, 
this  sets  an  upper  limit  of  about  100  jis  for  the  time  secondary  "strikes”  may  occur.  This  is 
consistent  with  the  duration  of  the  tail  observed  following  the  initial  bursts.  On  a  much  larger 
scale,  lightning  bolts  in  the  atmosphere  often  occur  in  a  correlated  fashion,  perhaps  for  similar 
reasons. 

V.  CONCLUSIONS 

In  this  paper  we  have  presented  further  details  of  the  photon  emission  accompanying 
peeling  of  an  adhesive  from  a  polymeric  substrate.  A  consistent  interpretation  of  these  and 
earlier  observations  requires  that  all  of  the  light  is  due  to  electrostatic  discharges  alone.  In  this 
particular  adhesive-substrate  combination,  no  evidence  of  an  "after-glow”,  i.e.,  phosphorescence, 
involving  excitations  of  the  adhesive/backing  surfaces  was  detected.  Instead,  the  decaying  light 
observed  following  the  large  bursts  consists  of  a  set  of  correlated  bursts,  generally  of  smaller 
intensity  and  less  frequent  occurrence  over  a  time  period  of  SO-100  ju.  We  have  argued  that 
the  charge  released  by  the  initial  discharge  drifts  to  other  regions  of  the  crack  and  initiates  the 
observed  secondary  "strikes".  Since  the  micromechanics  of  detachment  are  very  likely  critical  to 
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the  charge  separation  occurring,  varying  the  rheology  either  chemically  or  by  temperature 
variations  would  be  an  important  direction  to  pursue. 
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nCURE  CAPTIONS 


Fig.  1.  Schematic  diagram  of  system  for  determining  spectra  of  photon  emission 

accompanying  adhesive  failure. 

Fig.  2.  Block  diagram  of  experimental  apparatus  for  time  vs  intensity  measurements. 

Fig.  3.  Typical  spectrum  in  the  region  from  300  nm  to  440  nm  of  the  photon  emission 

during  the  peeling  of  3M  Filament  tape.  These  spectra  are  not  time  resolved,  so 
represent  an  integration  over  time. 

Fig.  4.  Time  resolved  spectra  of  the  photon  emission  during  different  time  periods 

following  an  initial  photon  burst. 

Fig.  S.  The  signal  averaged  intensity  vs  time  distribution  of  the  bursts  of  light  during 

peeling  acquired  at  5  os  /  channel. 

Fig.  6.  Multiple  photon  bursts  which  occur  during  peeling  of  the  tape. 

Fig.  7.  Time  averaged  spectrum  of  photon  emission  emanating  from  the  tape  surface 

approximately  1  cm  from  the  peel  zone. 


Fig.  8. 


Dependence  on  peeling  speed  of  the  integrated  intensity  of  the  total  photon 
emission  (4)  and  intensity  of  the  336.7  nm  spectral  line  The  two  data  sets 
have  been  normalized  to  show  their  similarity. 
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SIGNAL  AVERAGED  PHOTON  BURSTS 
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X.  Aatographs  firom  Peclini  Fiber  Reiaforccd  Prcsiorc  ScBsidre  Adhesives: 

CorrelatiOB  with  Failare  Mechraisou 

E.  E.  DONALDSON  aid  J.  T.  DICKINSON 

Departateat  of  Physics*  Washiagtoa  State  Uaiversity,  Paitaaa*  WA  991d4*2S14,  U.S.A. 

In  past  studies,  we  have  investigated  the  naum  of  the  photon  emission  accompanying  the  peeling  of  pressure 
sensitive  adhesive  tapes.  These  smdies  included  producing  clear  images  of  the  emitted  light  created  direct 
attarhnujnf/fteMrJMiient  rf  the  adheaivB  from  phnengtaphie  film  Here  we  present  an  extension  of 

this  woric  to  very  slow  peeling  rates  (<  0.05  mm/s)  in  which  we  examine  how  the  resulting  autographs  Grom  fiber 
teinfofced  tape  are  influenced  by  the  micRHnechanicai  behavior  of  this  oompnaite  tape  during  high  angle  peeling. 

KEY  WORDS  Pressure  sensitive  adhesives;  fiber  reinforced  tape;  peel  test;  tribolnininescence;  &acto<emission; 
photon  imaging;  autograph. 

I  INTRODUCTION 

Whiiti  him  riiarimilflf  inaiariala  ata  aqiamtarf,  tha  iMwIy  eyfaiiitd  anfecftt  arf».  iimally  eleeamMarirally  charged.  With 

the  use  of  suitaUe  probes  and  an  electrometer,  we  have  found  that  such  surfiKes  cany  net  charges  as  well  as 
alternating  patches  of  both  positive  and  negative  eiectrostatic  charge.  During  a  fracture  or  peel  process,  oppositely 
charged  surfaces  form  in  close  proximity,  resulting  in  microdischarges  between  these  surfaces.  In  some  cases,  we 
also  find  convincing  evidence  for  discharges  along  the  newly  created  sur&ces.  These  small  discharges  cause  the 
emission  of  photons  (phE),  and  radkmaves  (RE),  as  well  as  a  variety  of  charged  and  neutral  species.  [These 
emissions  are  generally  known  as  Fitacio-Eaiission 

Our  past  investigations  of  the  enussion  accompmiying  the  peeling  of  pressure  sensitive  adhesive  tapes 
from  various  substrates  have  included  pulse  counting  experiments  in  which  the  phE,  elecuon,  and/or  the  RE  bursts 
were  detected  and  their  size  and  time  oarrelations  determined,  tune  resolved  specnoscopic  analysis  of  the  phE^, 
and  diiea  imaging  of  the  phE  by  production  of  autographs  on  Polaroid  films^. 

These  experiments  verified  that  the  phE  arose  predominantly  from  highly  localized  microdischarges  and 

when  peeling  took  place  in  air,  consisted  of  discrete  molecular  nitrogen  lines  in  the  blue  portion  of  the  spectrum. 
This  N2  radiation  was  observed  tt)  originate  both  from  the  vKinity  of  the  peel  and  also  from  the  surface  of  the  tape 

at  several  mm  distances  from  the  peel  line,^  indicating  that  both  discharges  across  separating  surfaces  in  the  peel 
zone  and  discharges  along  the  surfaces  resulted  in  gas  phase  excitation.  In  addition,  it  was  shown  that  the  emission 
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fiiB  and  spatial  disBibuiiaiis  depended  strongly  on  tbe  conditions  of  peeling  namely,  the  substrate,  the  peel 
geomeay,  dw  peding  nae,  and  the  gas  eavirooinent 

In.  das  {Mper.  we  focus  our  aoention  on  tbe  peeling  of  3M  Filament  Tape  in  a  sharp  angle  peel  using  the 
autograph  technique.^  Tliis  material  exhibited  a  wide  range  of  insantaoeous  peel  rates  (slow*fost  peel  behavior)  due 
to  the  mechanical  properties  of  this  composice  system  in  a  high  angle  peeL  Furthermore,  we  wish  to  Ulusoate  that 
for  this  type  of  system,  the  autograph  technique  provides  images  at  very  low  peel  rates  (-  0.0016  mm/s).  and  chat 
the  observed  images  are  indmately  related  to  the  micro-mechanical  events  accompanying  slow,  high  angle  peel. 

II  EXPERIMENTAL  METHODS 

We  used  3M  No.  893  Hlament  Tape  in  this  study.  This  product  has  an  adhesive  of  natural  rubber  combined  with 
varying  amounts  of  a  tackifying  agent  which  is  a  terpene  baaed  hydrocarbon  resin.  More  uickifier  is  used  on  the 
face  of  the  adhesive  and  less  in  the  saturating  layer  binding  the  glass  filaments  to  the  backing.  The  back  of  the 
polyester  tape  carrier  has  been  treated  with  a  release  coating  having  a  critical  surface  tension  for  wetting  of 
approximately  21  dynes/cm  [mN/m].  The  tape  is  2  cm  wide. 

Peeb  Grom  the  photographic  film  were  performed  at  either  constait  applied  force  or  constant  strain  rate  at  a 
peel  angle  of  150”  (dictated  by  constraints  of  the  film  holder).  Constant  force  was  supplied  by  hanging  masses 
between  150-250  grams  (a  force  of  U-2J  N)  on  the  tape's  end,  shown  schematically  in  Fig.  1.  For  the  extremely 
slow  peel  rates  studied  here,  small  fluctuations  in  the  acceleration  of  the  mass  can  be  neglected.  Constant  strain 
rate  loading  down  to  0.0016  mm/s  was  provided  by  a  motor-driven  mechanism.  In  ail  cases,  only  average  peel  rates 
were  measured.  A  force  transducer  was  used  to  measure  the  instantaneous  peel  force  under  condition  of  constant 
strain  tale.  [Note  in  Fig.  1  the  definitions  of  "longitudiiul  and  transverse  direcoons."] 

4 

Autographs  were  recorded  in  the  dark  by  peeling  filament  tape  directly  from  Polaroid  Type  i07C  film 
(IS03000).  The  Polaroid  film  was  developed  and  printed  in  a  Polaroid  camera  back  in  the  usual  manner. 
Examination  of  the  substrates  and  of  the  tape  showed  no  evidence  of  cohesive  failure. 
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To  obMfve  visually  the  slow-raie  peeling  process,  we  replaced  the  fllm  with  a  PMMA  substrate  and  used  a 
siewotBopic  minoacope  at  magnifications  in  the  range  of  15  to  tZOX.  With  a  tnosparem  substrate  the  peeling 
could  be  viewed  either  thioogh  the  substiam  or  fircffl  the  edge  of  the  tape  (on  an  axis  parallel  to  the  peel  line). 

m  RESULTS  AND  DISCUSSION 

Peeling  the  tape  from  the  surface  of  Polaroid  Type  I07C  film  at  low  rates  produced  autographs  of  the  accompanying 
photon  emission,  ^g.  2  shows  an  autograph  of  the  light  emission  as  the  tape  is  peeled  in  a  slow  then  fast 
sequence  where  slow  peel  was  at  0.04  mm/s  and  the  fast  peel  was  at  >  5  mm/s.  The  patterns  of  light  intensity 
show  periodic  variations  in  both  longioidinal  (along  the  length  of  the  tape  and  fiber  direction)  and  transverse 
(normal  to  the  fiber  direction  and  parallel  to  the  peel  Iine-*across  the  width  of  the  tape)  directions.  In  the  rapid  peel 
region,  we  see  patterns  similar  to  those  reported  previously,^  namely  bright  spots  due  to  localized,  strong 
discharges  with  high  correlation  in  position  with  the  position  of  the  fibers. 

An  enlargement  of  Fig.  2  is  shown  in  Fig.  3  where  the  slow  peel  region  is  seen  to  exhibit  many  smaller 
localized  discharges.  The  longitudinal  variations  in  this  pattern  have  an  average  'wavelength*  of  3.8  mm  and  the 
transverse  variations  have  spacings  the  same  as  distance  between  fiber  bundles  (0.54  mm ).  Following  the  very 
dark  bands,  the  longitudinal  bands  arise  showing  a  sharp  increase  in  emission  intensity  at  their  leading  edge  (at  A  in 
Fig.  3 )  followed  by  a  decay  in  both  the  intensity  and  in  the  average  radii  of  the  spots.  Those  features  near  the 
leading  edge  of  the  high  emission  band  have  a  diffuse  character,  while  those  in  the  lower  emission  region  (e.g..  B  in 
Fig.  3)  are  sharper  and  smaller  in  size.  Subsequently  ( at  C  in  Fig.  3  )  the  phE  nearly  disappears  from  the 
autographs.  Obviously,  the  mechanics  of  this  particular  sample  and  peel  geometry  are  strongly  influencing  the 
spatial  (and  time)  depeiKlence  of  the  phE. 

The  tape  exhibits  transverse  creases  after  peeling  at  a  peel  angle  of  150"- 180"  from  almost  any  surface, 
including  the  film.  This  pattern  of  creases  resembles  the  transverse  patterns  of  light  in  the  autographs.  Fig.  4  is  a 
comparison  of  an  autograph  with  the  corresponding  piece  of  tape  after  peeling  at  an  average  peel  rate  of  0.008 
mm/s.  The  tape  backing  was  illuminated  with  a  beam  of  light  at  a  low  angle;  both  tape  and  autograph  are  shown 
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at  the  same  magnificanoa.  As  seen  in  Fig.  4.  the  creases  display  a  pattem  much  like  the  ixansverse  lines  of  strong 
emission  and  the  longitudinal  lines  in  the  autograph  correspond  to  the  spacings  of  the  fiberglass  bundles. 

To  fisther  investigaie  the  mechanical  behavior  of  this  system,  we  peeled  Filament  Tape  at  constant  strain 
rate  horn  a  rigid  glass  or  PMMA  substrates  at  a  peel  angle  of  nearly  180°  simultaneously  measuring  the  force  and 
carefully  observing  the  peel  zone.  The  two  lands  of  expuimental  conditions  namely  peeling  tape  fiom  flexible 
photographic  film  and  peeling  it  from  rigid,  smooth  glass  or  PMMA  surfaces  might  be  thought  to  be 
incomparable.  Ifowever.  we  observed  visually  that  the  sequence  of  mechanical  events  observed  during  the  peeling 
from  the  photographic  film  (observed  in  light)  occurred  in  a  similar  fashion  when  tape  was  peeled  from  a  rigid 
substrate. 

A  typical  force  vs  time  record  is  shown  in  Fig.  Sa  which  shows  major  maxima  of  -  0.7  N.  each  followed 
by  a  rapid  drop  to  minima  of  >  OJS  N.  We  observed  in  each  case  that  the  rapid  build-up  of  force  occurred  during  a 
period  when  the  peel  line  appeared  to  have  arrested,  whereas  the  sudden  drop  in  force  accompanied  the  relatively 
sudden  detachment  of  a  creased  region  of  tape.  It  is  important  to  emphasize  that  these  oscillating  forces  observed  at 
these  low  peel  rates  are  unrelated  to  the  more  customary  stick-slip  effects  seen  at  much  higher  peel  rates. 

During  this  particular  peel  we  marked  the  position  of  the  peel  zone  on  the  edge  of  the  tape  each  time  that 
the  peel  force  exhibited  a  sudden  decrease.  These  marks  allowed  us  to  examine  the  cotreladon  between  the  peel 
force  variations  and  the  resulting  topography  of  the  tape  when  photographed  under  low  angle  illumination  (see  Fig. 
Sb).  Corresponding  features  A-K  are  identified  in  Ftg.  Sa  and  Sb.  At  position  A  the  experiment  was  started  where 
the  force  initially  reached  a  plateau  value  corresponding  to  steady,  slow  peeling.  After  a  slowly  accelerating 
increase,  the  force  reached  a  maximum  then  displayed  a  sharp  decrease  at  B.  The  mark  on  the  tape  corresponding  to 
this  instant  (B  in  Bg.  Sb )  aligned  with  the  creased  region  of  the  tape  which  had  detached  from  the  substrate  fairly 
quickly.  As  the  peel  continued,  the  force  again  increased,  followed  by  a  pair  of  sharp  declines  at  C  and  D.  In  Fig. 
Sb.  the  conesponding  creases  were  not  formed  transversely  across  the  tape  but  in  a  diagonal  manner;  crease  C  had 
not  completely  detached  before  crease  D  began,  thus  causing  the  force  to  show  a  double  maximum. 

At  point  E  the  force  again  reached  a  maximum  before  a  sharp  drop  which  accompanied  by  fast  peel  and  a 
crease  at  E  in  Bg.  Sb.  As  the  force  rises  toward  G  it  goes  through  a  small  minimum  at  F.  When  we  examine  the 
tape  in  Bg.  Sb  we  find  a  partial  crease  a  F.  The  subsequent  sharp  force  decreases,  H-K,  are  typical  of  the  majority 
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of  other  cycles  we  measured,  namely  they  represent  individual  sudden  reductions  in  the  force,  each  accompanied  by  a 
single  crease  faiily  well  aligned  in  the  transverse  directioo.  All  of  these  variations  in  the  peeling  sequence  show  up 
readily  in  the  autographs  (Fig.  2-4). 

Kaelble  has  studied  the  peeling  behavior  of  pressure  sensitive  adhesives  and  noted  that  the  visco-elastic 
properties  lead  to  the  development  of  regions  of  comi»essive  stress(-f)  as  well  as  tensile  stress  (-)  near  the  peel 
line.^  A  sketch  of  the  profile  of  filament  reinforced  tape  during  peeling  from  a  rigid  substrate  is  shown  in  Fig.  6, 
where  the  regions  of  compressive  and  tensile  stress  are  identified.  When  the  longitudinal  edge  of  the  tape  is 
observed  during  peeling,  one  sees  that  the  plasticized  face  adhesive  is  undergoing  longitudinal  flow  and  is  squeezed 
from  the  region  of  compressive  stress  away  from  the  peel  line,  into  a  region  of  tensile  stress  (  ~  in  Fig.  6),  about  1 
mm  ahead  of  the  peel  line.  This  causes  curvature  (concave  downward  in  Fig.  6)  to  develop  in  both  the  tape  backing 
and  in  some  of  the  adjacent  fibers  as  they  ate  pushed  away  from  the  substrate.  The  formation  of  this  bulge  is 
assisted  by  the  longitudinal  compressive  force  on  the  backing  due  to  the  130"  loading.  Fbr  a  short  distance 
(apfHoximately  1  mm),  as  the  peel  line  condnues  to  advance,  this  bulge  moves  as  a  wave  in  concert  with  and  ahead 
of  the  peel.  This  leads  to  the  region  of  the  autograph  labeled  B  in  Fig.  3,  one  of  fairly  uniform,  low  intensity 

In  a  fairly  abrupt  fashion,  this  bulge  becomes  a  permanent  crease  or  fold  in  the  tape  backing.  In  addition, 
the  glass  filaments  in  the  strands  close  to  the  peel  zone  are  divided  such  that  some  of  them  remain  attached  to  the 
polyester  backing  and  some  remain  attached  to  the  substrate.  This  configuiadon  produces  a  stiff  section  in  the  tape 
which  tends  to  be  peeled  as  a  unit  and  in  essence  has  a  !a^  surface  area  associated  with  it.  This  results  in  an 
increased  resistance  to  peeling,  thus  causing  the  the  radius  of  curvature,  (r  in  Fig.  6)  to  decrease.  During  this  time, 
the  crack  front  advances  very  slowly  towards  the  creased  region,  yielding  little  evidence  of  photon  emission  (region 
C.  Fig.  3). 

When  r  reaches  a  critical  minimum  value,  a  number  of  the  fibers  fracture  in  a  brittle  fashion.  On  the 
average,  we  measure  an  rmin  of  >30  pm.  Accompanying  fiber  fracture  is  a  sudden  change  in  the  forces  applied  to 
the  creased  region  of  the  tape  causing  it  to  pull  from  the  substrate  fairly  quickly,  usually  propagating  transversely 
from  one  fiber  bundle  to  the  next  This  creates  the  brighter  edge  of  the  autograph  pattern  (region  A  in  Fig.  3). 
After  this  stiff,  folded  section  has  peeled  from  the  substrate,  the  cycle  begins  again  and  repeats  every  3  to  6  mm 
along  the  length  of  the  tape,  where  the  largest  spacing  occurs  at  lowest  peel  rates. 
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Afker  die  peel  is  completed  we  cao  measure  chat  the  cape  is  slighdy  shonened  (0.3%)  due  to  the  creasing 
process  Micfoecopic  exaniiiireioa  of  the  tape  shows  that  approximaiely  20%  of  the  fiben  are  broken  at  the  leading 
edge  of  the  crease,  predaely  where  the  bend  became  sluapest  As  a  funherdemonstiaiion  of  this  failure  mechanism, 
using  a  roll  of  lament  Tape  we  delibeniely  delaminated  the  becking  from  a  single  bundle  of  fibers  so  that  the 
fibers  remained  adhering  to  the  release  coated  polyester.  When  this  single  bundle  of  fibers  was  peeled  from  the 
polyester  in  a  ISO*  peel,  we  observed  the  same  slow-fast  peel  previously  described,  with  oscillations  in  the  radius  of 
curvature  (which  are  even  more  extreme  than  seen  in  the  tape).  Similarly,  when  the  single  bundle  is  examined  after 
peeling,  extensive  fiber  breakage  is  observed  at  fairly  uniform  intervals  of  length  (approx.  0.8  mm),  roughly  1/3 
the  interval  for  the  tape. 

The  origin  of  the  highly  localized  features  on  the  autographs  in  the  region  labeled  B,  Fig.  3  can  be 
understood  in  terms  of  the  normal  behavior  of  a  viscoelastic  adhesive  during  peeling.  Microscopic  examination  of 
the  tape  prior  to  attachment  to  the  subsnaie  shows  that  the  adhesive  face  is  not  planar  but  follows  the  contour  of 
the  fiber  bundles.  When  the  tape  is  pressed  onto  any  substrate  the  closestcontact  is  made  at  these  ridges  whereas 
longitudinal  bubbles  lie  in  between  the  ridges  and  prevent  good  contact  with  the  substrate.  When  the  tape  is 
subsequently  peeled  these  "lines"  of  better  contact  and  therefore  form  a  locus  of  interfacial  failure  which  in  turn 
produces  aligned  spots  on  the  autographs.  In  conoast,  the  valleys  represent  regions  of  very  poor  contact,  thus 
For  moderately  slow  peeling  the  autographs,  such  as  Fig.  3.  allow  us  to  identify  approximately  2  to  4 
discharges/mm^  of  tape  area  peeled  in  air.  This  is  similar  to  the  areal  density  of  discharges  which  we  counted 
previously  arising  from  the  T  peel  configuration  for  slow  peeling^  of  this  tape  in  a  nitrogen  atmosphere 

It  is  interesting  to  compare  the  interval  in  which  the  peeling  produces  little  or  no  light  (e.g..  region  C. 
Fig,  3)  for  the  cases  of  constant  applied  force  vs  constant  strain  rate.  This  region  is  noticeably  wider  and  darker  for 
constant  force  than  for  constant  soain  rate  conditions,  reflecting  the  differences  in  the  mechanical  response  of  the 
system  to  these  different  types  of  loading. 

We  should  also  note  that  at  constant  applied  force  we  recorded  emission  at  an  average  peel  rate  of  0.003 
mm/s.  At  a  peel  rate  of  0.0013  mm/s,  the  resulting  autograph  shown  in  Fig.7  appears  to  be  blank.  On  the 
original  photo,  one  can  see  -20  small  discharges.  This  is  consistent  with  other  studies  we  have  carried  out 
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involving  variaiioat  in  fiacio-emission  intensities  with  cndc  speed^*^  which  we  have  attributed  to  the  charge 
sepnioa  peocesi  and  letdtage  of  charge  occamng  in  the  cnck  tip  regioo. 

Pteviooaly,^  we  teamed  that  the  number  of  photons  (aa  well  as  the  size  of  the  accompanying  RE  bursts) 
asaociaied  with  the  mkiodiacharges  increases  on  exposure  to  N2.  We  suspected  that  this  enhancement  would  make 
the  auiogtn>hs  more  intenae  and  enhance  the  images  at  low  peel  tates.  Conversely,  we  also  had  discovered  that  the 
number  of  photons  created  at  a  microdiacharge  were  quenched  in  O2.  Tlie  gas  phase  phenomena  which  explain 
these  results  are  discussed  in  reference  1  In  Figures  8a  and  8b  we  compare  the  autographs  of  Filament  Tape  peeled 
Grom  film  at  an  average  peel  rate  of  0.033  mm/s  in  air  and  when  N2  and  02  were  tniitvttif^  at  one  atmosphere;  we 
note  the  obvious  enhancement  of  light  by  the  N2  and  strong  suppression  of  emission  by  O2.  Obviously,  if  one 
desires  to  detect  extremely  slow  peel,  one  could  easily  introduce  N2  to  take  advantage  of  the  enhancemem. 

IV  SUMMARY  AND  CONCLUSION 

In  summary,  we  have  shown  thac 

1.  phE  caused  by  tape  peeling  of  Filament  Tape  produced  autographs  which  could  be  observed  at  average  peel 
rates  approaching  0.0016  mm/s. 

2.  The  bright  transverse  bands  of  emission  appearing  in  autographs  are  the  result  of  periodic  events  involving 
viscous  flow  of  adhesive,  fiber  fiacture.  and  rapid  detachment  of  adhesive  from  the  substrate. 

3.  At  peel  rates  averaging  less  than  0.001  mm/s.  the  intermiuera  nature  of  the  peeling  assures  that  there  are 

periods  when  the  interfacial  failure  is  extremely  slow  and  the  corresponding  light  emission  is  nearly 

4.  Peeling  in  the  presence  of  gases  other  than  air  has  a  striking  effect  on  the  autographs.  Nitrogen  supports 

electrical  discharges  and  causes  enhanced  light  emission.  Oxygen  quenches  discharges  and  suppresses  light 
emission.  These  dramaticaUy  effect  the  intensity  of  the  light  recorded  in  autographs,  which  could  be 
useful  for  studying  very  slow  failure. 
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Tliis  woric  illusirttBS  that  autographs  provide  details  of  the  detachment  process  of  a  composite  tape  from  a 
smooth  wbamiB  during  high  angle  peeling.  In  this  type  of  loading,  the  fiber  rdnfoiced  tape  undergoes  a  sequence 
of  mioD-niechanical  steps  which  sirongiy  influence  the  instantaneous  laie  of  detachment,  which  in  turn  leaves  a 
unigoe  reconl  on  the  exposed  Him.  The  occurrence  of  this  type  of  failure  at  such  slow  peel  rates  appears  to  be  quite 
disdna  from  the  usual  stick-slip  failure  seen  at  very  high  ped  rates.  We  propose  that  these  and  other  firacto- 
emisskm  studies  can  aid  our  understanding  of  the  various  failure  modes  in  a  composite  system  including  friament 
reinforced  tape  and  therefore  assist  in  improvements  in  tape  design. 
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FIGURE  CAPTIONS 


Fig.  1  Schemadc  diagram  of  the  experimental  arrangemem  for  peeling  tape  from  a  substrate  under 

constam  applied  force  conditions. 

Fig.  2  Autograph  of  slow  then  fast  peel  of  filament  tape  from  Polaroid  Type  107C  film.  Tape  is  2  cm 

wide.  Slow  peel  at  0.05  mm/s. 

Fig.  3 


Enlargement  of  Fig.  2. 
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Fig.  4  Autograph  of  a  slow  peel  experiment  and  photograph  of  creases  in  (he  backing  of  the 

cofiesponding  piece  of  tape.  Slow  peel  u  0.008  mm/s 

Fig.  5  a)  Fane  vs  liine  during  iotermedkw  rate  peeling  of  filameru  tape  from  PMMA  (2  cm  cape 

width). 

b)  Photograph  of  creases  in  backing  of  conespooding  piece  of  tape. 

Fig.  6  Drawing  of  fOament  tape  profile  during  peeling  from  a  rigid  substrate. 

Fig.  7  Autograph  of  slow  then  fast  peel  of  filament  tape  from  Polaroid  Type  107Cfilm.  Slow  peel  was 

at  0.0015  mm/s. 

Fig.  8  Autographs  of  slow  peel  ( 0.033  mm/s.)  in  air  then  a)  in  N2  or  b)  in  O2  at  one  atmosphere, 

followed  by  fast  peel  in  air. 


I 

I 

\ 

I 

I 


Autograph 


Direction  of  Peel 


Fig.  2 
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Peel  Direction 


ABC 


Force  vs  Time  During  180°  Peel  of  3M  Filament  Tape 
Average  Peel  Rate:  0.07  mm/s 
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Fig.  5b 


Filament  Tape  Peel  Zone  (high  angle) 
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Direction  of  Peel 


Fig.  8a 
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XI.  The  role  of  damage  ia  po8t*emissioa  of  eiectroas  from  cleavage  surfaces  of  singlv  crystal 
LiF 

J.  P.  M^ison,  S.  C.  Langford,  and  J.  T.  Dickinson 

Department  of  Physics,  Washington  State  University.  Pullman,  WA  99164-2814 


ABSTRACT 


It  has  been  previously  reported  that  the  cleavage  of  single  crystal  LiF  produces  intense,  long  lasting 
electron  emission  persisting  several  minutes  after  fracture  (caUed  post-emission).  We  find  that  this 
contrasts  dramatically  with  the  weak,  rapidly  decaying  emission  accompanying  LiF  fracture  in  3-point 
bend  or  tension.  We  examine  the  dependence  of  intensity  and  duration  of  the  electron  emission  produced 
by  LiF  cleavage  on  the  interaction  of  the  cleavage  blade  with  the  LiF  crystal  We  show  that  the  damaged 
region  where  the  cleavage  blade  and  crystal  come  into  contact  is  by  far  the  major  source  of  the  post 
emission.  Macroscopic  particles  ("ejecta")  from  the  damaged  region  which  frequently  cling  to  the  fracture 
surface  are  also  shown  to  be  highly  emissive.  In  contrast,  the  "untouched"  cleavage  surface  emits  little, 
if  any,  post-emission  (on  the  time  scale  of  several  seconds).  We  propose  that  the  high  intensity  emission 
originates  from  defects  created  during  the  production  of  higher  index  plane  fracoire  surfaces. 
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I  INTRODUCTION 

The  emissioa  of  panicjw  and  elecnomagnetic  radiatioa  accompanying  defonnaiion  and  fracture  is  of  long 
standing  interest  to  those  who  study  the  atnmitngt  of  material  failure.^*^  Collectively  we  refer  to  these  emissions 
as  fracio-€mission.  Of  particular  historical  and  scientific  interest  have  been  studies  of  fiacto-emission  from  alkali 
halides,  which  have  a  simple  crystalline  structure  and  are  available  in  high  purities.  Of  these,  LiF  is  most 
amenable  to  soidy,  due  to  its  chemical  stability  with  respect  to  water  and  its  relative  brittleness  even  in  high  punty 
forms.  Several  authors  have  reported  intense,  prolonged  emission  of  electnms  accompanying  the  cleavage  of  LiF. 
persisting  as  long  as  10  minutes  after  ftacture,  and  have  offered  various  explanations  of  the  effect.^*^ 

WoUbrandt  and  coworkers  smdied  this  post-emission  as  a  fimctioa  of  sample  temperature.^*^  They 
attributed  the  prolonged  emission  to  field  assisted  EE  ftomdefea  centers  at  or  near  the  crystal  sur&ce.  Thedecay 
kinetics  were  observed  to  be  second  order  over  a  wide  range  of  temperatures  (80-300  K).  suggesting  that  the  decay 
kinetics  are  controlled  by  a  recombination  process  involving  tunneling.  More  recently,  Lipson  et  aL  have  studied 
the  prolonged  electron  emission  (EE)  and  positive  ion  emission  (PIE)  accompanying  the  cleavage  of  LiF, 
concluding  that  charge  carried  to  the  surface  by  moving  dislocations  was  responsible  for  the  EE.'^  The  rate 
controlling  process  was  believed  to  be  the  unpinning  of  dislocations  as  charged  defects  (vacancies)  initiaily 
associated  with  the  dislocations  diffuse  to  the  surface.  Our  interest  in  this  phenomenon  was  stimulated  by  our 
observation  that  this  prolonged  emission  after  ftacture  LiF  in  tension  and  3-point  bend  was  absent 


II  EXPERIMENT 

Nominally  pure,  single  crystal  LiF  obtained  from  Opiovac  was  cut  inro  samples  with  a  diamond  saw. 
polished  with  3  pm  diamond  paste,  and  ultrasonically  cleaned  in  acetone.  Samples  to  be  cleaved  or  fractured  in  3- 
point  bend  measured  2  x  6.5  x  13  mm'^,  while  samples  to  be  fractured  in  tension  measured  2x3x18  mm'^. 
These  samples  were  not  atmeaied  prior  to  ftacture,  in  contrast  to  those  studied  by  Lipson  and  coworkers.*^  The 
samples  were  mounted  and  ftactured  at  room  temperaoire  in  a  vacuum  system  mamtained  at  pressures  of  -10'^  Pa. 

Experimental  details  are  similar  to  those  describe  elsewhere.^  EE  (and  PIE)  ftom  LiF  fractured  in  3 -point 
bend  were  detected  with  a  Galileo  Electro-Opdcs  Model  4039  Channeliron  electron  multiplier  (CEM)  positioned 
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approxiinaidy  2  cm  from  the  freshly  fonned  surface.  Unnotched  tensik  specimens  were  made  by  epoxying  M 
clamps  to  the  ends  of  LiF  crystals.  Tensile  resulted  in  linear  stress/soain  curves  and  led  to  cleavage-like 
fracture  initiating  at  edge  flaws.  Geavage  experiments  were  also  carried  out  on  unnoiched  samples.  In  order  to 
determine  the  effect  of  the  cleavage  blade/sample  interacdon  on  the  resulting  EE.  we  varied  the  blade  wedge  angle 
and  impact  velocity.  The  maximum  penetration  of  the  blade  into  the  sample  was  determined  by  an  adjustable  stop 
positioned  on  the  rod  used  to  advmce  the  blade.  Measurements  were  also  made  of  EE  from  LiF  surfeces  abraded 
with  a  variety  of  metal  and  diamond  points  to  investigate  the  possible  role  of  abrasion.  The  output  of  the  CEM 
was  pulse  counted  with  a  multichannel  analyzer.  The  counting  interval  was  either  1  or  100  ms/channel. 

As  certain  surface  feanues  appeared  to  be  correlated  with  prolonged  EE.  a  device  was  built  to  scan  the 
cleaved  surfaces  with  a  CEM.  The  sample  to  be  cleaved  was  mounted  on  a  platform  which  could  be  moved  past  the 
CEM.  a  Galileo  Electro-Opdcs  Model  4020.  A  grounded  metal  shield  with  a  0.5  mm  diameter  aperture  was  fixed 
in  front  of  the  entrance  to  the  CEM  so  that  the  sample  surface  passed  1  mm  from  the  shield  on  the  side  opposite 
the  CEM.  Thus  the  CEM  detected  EE  from  a  limited  area  of  the  sample  surface.  After  cleavage,  the  platform  was 
used  to  move  the  sample  back  and  forth  past  the  shield  aperture  at  rates  of  SO-  ISO  um/s  with  a  variable  speed 
motor.  The  location  of  the  sample  at  any  given  time  was  determined  from  the  starting  position  and  scan  rate.  The 
scanning  experiment  thus  involved  cleaving  the  sample,  positioning  the  cleavage  surface  in  front  of  the  shield 
aperture,  and  then  translating  it  back  and  forth  past  the  aperture.  We  estimate  the  resolution  of  the  scanning  system 
to  be  -±1  mm. 


in  RESULTS 

Figure  1(a)  shows  typical  EE  data  accompanying  the  fracnire  of  LiF  in  tension  acquired  at  a  rate  of  I 
ms/channeL  A  burst  of  emission  essentially  one  channel  in  width  was  observed,  followed  by  a  second,  smaller 
peak  about  8  ms  wide.  No  measurable  emission  was  observed  at  later  times.  Figure  1(b)  shows  EE  on  a  much 
slower  time  scale  from  fracture  of  LiF  loaded  in  3-point  bend.  The  EE  decay  was  essentially  complete  within  one 
counting  interval,  100  ms.  Data  taken  on  faster  time  scales  indicated  that  EE  decayed  to  background  levels  in  10-20 
ms.  Photographs  of  the  fracture  surfaces  showed  generally  smooth  (100)  planes  marked  by  occasional  over  lines. 
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This  contrasts  with  previous  observations  of  MgO  firactured  in  3*point  bend,  in  which  substantial  portions  of  the  I 

fracture  surface  were  noc(lOO)  in  (xientation,  but  inclined  about  16°  to  the  <100>  direcdon.^  ph£  and  EE  from 
MgO  firactuied  in  3-poiiit  bend  pmiswl  some  secotals  after  fracture,  while  EE  from  cleavage  had  the  same 
dependence  on  sur&ce  damage  as  that  from  LiF. 

In  contrast,  cleavage  of  LiF  often  resulted  in  prolonged  post-emission,  as  shown  in  Fig.  2(a).  The 
duratiai  of  this  emission  was.typically  about  ten  minutes,  i.e.  consistent  with  that  reptmed  by  Lipson  et  and 
Wollbrandt  et  aL^  The  peak  intensity  and  total  integrated  emission  due  to  cleavage  was  generally  much  greater  than 
that  due  to  fitactute  in  tension  and  3-point  bend.  However,  as  shown  in  Hg.  2(b),  cleavage  did  not  always  produce 
such  intense,  long  lasting  post-emission.  Since  the  interaction  of  the  cleavage  blade  with  the  sample  is  unique  to 
the  cleavage  mode  of  loading,  we  examined  some  of  the  obvious  paiameieis  and  determined  the  following; 

•  Intense  post-emission  was  associated  with  low  blade  velocities  (which  by  necessity,  required 
significant  blade  penetration). 

•  Blunt  blades  were  also  associated  with  large  post  emissions. 

•  Conversely,  weak  post-emission  was  consistently  observed  from  samples  cleaved  with  high  blade 
velocities  and  minimal  sample  penetration. 

•  Intense  post-emission  was  always  associated  with  significant  blade  penetration  into  the  sample. 

Examination  of  the  resulting  cleavage  surfaces  showed  that  particular  types  of  damage  in  the  region  where 

the  cleavage  blade  struck  the  crystal  correlated  well  with  intense  post-emission.  SEM  photos  of  two  fracture 
surfaces  exhibiting  intense,  prolonged  EE  ate  shown  in  Fig.  3.  The  surface  of  Fig.  3(a)  shows  a  damaged  region 
100-200  tun  deep  resulting  from  contact  with  the  cleavage  blade.  A  magnified  view  of  this  end  of  the  crystal 
shows  a  high  density  of  small,  dust-like  particles  on  the  surface  adjacent  to  the  damaged  zone.  These  parades, 
known  as  ejecta.^  appear  white  under  the  SEM  due  to  high  secondary  electron  escape  probabilities  for  small 
particles.  This  surface  yielded  unusually  intense  post-emission.  Another  surface  yielding  intense  post-emission  is 
shown  in  Fig.  3(b).  The  cleavage  blade  shattered  a  modest  portion  of  the  crystal  extending  about  2.5  mm  from  the 
point  of  impact.  Some  ejecta  is  also  evident  in  the  magnified  view  of  the  damaged  region.  Both  crystals  display 
brood  (100)  cleavage  planes  in  the  region  beyond  the  damaged  zone.  Occasionally,  the  end  of  the  crystal  opposite 
the  point  of  impact  was  significantly  damaged  by  the  reaction  forces  exerted  by  the  sample  holder.  This  damage  is 
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evident  in  both  surfaces  shown  in  Fig.  3.  Samples  exhibiting  intense  post-emission  always  displayed  significant 
damage  at  the  point  of  impact  This  surfer  damage  is  the  most  striking  difference  between  suifiKes  created  in 
cleavage  and  those  aeUBd  in  the  other  deformation  modes. 

By  scanning  the  sample  past  a  CEM  with  a  small  effective  aperture,  we  were  able  to  show  that  the 
intense,  prolonged  EE  with  cleavage  was  much  mote  intense  in  the  region  of  the  sample  which  had  been 

damaged  by  the  blade.  Figure  4  shows  the  EE  observed  during  scans  of  the  cleaved  surfaces  shown  in  Fig.  3.  The 
initial  detector  positiofl  during  cleavage  is  such  that  in  spite  of  reduced  solid  angle,  healthy,  long  lasting  emission 
curves  are  evident.  A  few  seconds  are  required  for  positioning  the  manipulator  for  scanning.  Comparison  wi'h  the 
SEM  photos  of  Fig.  3  shows  that  the  extent  of  the  damaged  region  roughly  correlates  with  the  extent  of  peak 
emission.  (Note  that  the  EE  intensity  is  displayed  on  a  log  scale.)  The  scan  of  Fig.  4(a)  shows  fairly  narrow  peaks 
superimposed  on  a  continuous  decay,  consistent  with  the  narrow  damaged  region  shown  in  Fig.  3(a).  The  EE 
observed  during  the  scan  of  relatively  undamaged  portions  of  the  surface  is  largely  due  to  the  limited  spatial 
resolution  and  to  small  damaged  regions  along  a  portion  of  the  surface  edges.  The  EE  displayed  in  Fig.  4(b)  drops 
to  backround  levels  between  the  peaks.  This  is  consistent  with  the  more  perfect  cleavage  surface  displayed  in  the 
undamaged  portion  of  Fig.  3(b).  In  spite  of  limited  spatial  resolution  of  our  scanning  system,  we  see  that  the  peak 
EE  from  the  damaged  regions  of  both  samples  is  one  to  two  orders  of  magnitude  greater  than  that  from  the 
^..-edominantly)  smoother  portions. 

Some  of  the  damaged  regions  yielding  long  EE  decays  had  features  very  similar  to  those  found  in  wear 
studies  of  MgO,^  which,  like  LiF,  has  the  NaCl  structure.  We  therefore  abraded  LiF  surfaces  with  a  diamond  up 
to  compare  the  resulting  EE  with  that  associated  with  cleavage.  As  shown  m  Fig.  S,  this  form  of  stimulation 
resulted  in  intense  post-emission  quite  similar  to  the  intense  cleavage-induced  post  emission.  LiF  surfaces  abraded 
with  metal  dps  yielded  similar  results.  As  in  the  case  of  cleavage,  we  found  a  strong  correladon  between  the 
intensity  of  the  post-emission  and  the  degree  of  surface  damage  created  by  abrasion. 

The  ejecta  frequently  observed  on  cleaved  surfaces  yielding  intense  post-emission  were  also  evident  on 
abraded  surfaces.  To  investigate  the  EE  associated  with  ejecta,  we  abraded  a  clean  LiF  crystal  in  vacuum  with  a 
metal  file.  The  ejecta  was  allowed  to  fall  10  cm  through  a  grounded  metal  tube  onto  a  platform  posiuoned 
approximately  3  cm  from  the  entrance  cone  of  a  CTEM.  Care  was  required  to  prevent  the  accumuladon  of  ejecta  on 
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the  finmt  cone  of  the  CEM.  ihe  detecuv  was  shielded  from  the  LiF  crystal  so  that  only  electrons  horn  the  ejecta 
were  dfiWTWMl.  As  shown  in  Fig.  6,  EE  from  ejecta  was  extremely  intense,  even  after  10  minutes,  and  showed  decay 
kinetics  similar  to  that  of  EE  from  abraded  and  cleaved  LiF  crystals. 

We  attempted  to  remove  the  ejecta  from  the  damaged  region  corresponding  to  an  intensely  emitting 
cleavage  surface  to  determine  if  the  underlying  damage  zone  of  the  crystal  connibuied  significantly  to  the  observed 
emission.  Unfortunately,  the  adhesion  of  the  ejecta  to  the  crystal  was  so  extreme  (very  likely  due  to  electrostatic  ^ 

anraeden  of  charged  surfaces)  that  our  attempts  failed.  However,  the  damaged  regions  of  a  number  of  cleaved  | 

crystals  yielding  intense  EE  differed  considerably  in  the  quantity  of  adhered  ejecta.  Therefore,  it  is  unlikely  that  the 
ejecta  is  the  sole  source  of  the  intense  emission.  We  suspect  that  the  underlying  damaged  sut^e  also  contributes 
significantly  to  the  prolonged  EE. 

IV  DISCUSSION 

The  weak.  shon*lived  EE  from  LiF  fractured  in  tension  and  3>point  bend  relative  to  the  imense  post* 
emission  often  observed  following  cleavage  suggests  that  post-emission  is  not  intrinsic  to  the  fracture  process. 

Cleaved  LiF  displaying  post-emission  consistently  showed  a  damaged  region  at  the  point  of  blade  impact  CEM 
scans  of  cleaved  surfaces  yielding  post-emission  showed  chat  the  bulk  of  the  emission  originaied  from  the  damaged 
end  of  the  crystal.  Therefore  we  conclude  that  the  smooth  (1(X))  fracture  surface  is  not  responsible  for  the  incense, 
prolonged  EE  observed  following  cleavage. 

Discussions  of  post-emission  mechanisms  must  therefore  focus  on  the  highly  damaged  regions  at  or 
adjacent  to  the  surfaces  that  have  interacted  with  the  cleavage  blade.  Previously  proposed  emission  mechanisms 
may  well  be  appropriate,  e.g.,  those  involving  the  production  of  point  defects  (e.g.,  WoUbrandt^)  or  dislocations 
(e.g.,  Lipson'^).  Cathodoluminescence  studies  of  indented  and  abraded  LiF  have  shown  high  densities  of  point 
defects  at  or  near  the  surface  of  the  damaged  regions.^  The  region  of  the  crystal  struck  by  the  cleaving  blade  is  also 
likely  to  undergo  severe  plastic  deformation,  which  requires  dislocation  growth  and  multiplication.  Thus,  we 
expea  the  damaged  region  of  the  cleaved  surface  to  have  both  kinds  of  defects  in  abundance.  The  same  is  true  of  the 
abraded  surfaces  and  the  ejecta,  which  also  displayed  intense  post-emission. 


As  noced  above,^  previous  firacto-emission  studies  of  MgO  loaded  in  3-point  bend  showed  that  surfaces 
which  with  the  (lOG)  cleavage  plane  are  less  effective  in  phE  and  EE  than  surfaces  which  do  not.  We  call 

surtees  lo  the  fnrcnd  cleavage  planefs)  'off-axis”  surfaces.  With  the  exccpoon  of  cleavage  steps,  the  off- 
axis  surfaces  created  during  the  fiacnne  of  MgO  in  3-poiitt  bend  appear  quite  smooth  even  when  observed  at  high 
magnifications  under  an  SEM.  We  believe  that  the  submiooscopic  steps  requiied  to  accommodate  the  observed  16° 
infiiiMrinn  0  the  ckavage  plane  contribute  significandy  to  the  phE  and  EE  observed  dining  fracture,  and  most 
likely  participaie  in  post-emission  as  well  These  surfaces  would  have  a  higher  density  of  defects  than  the  (100) 
cleavage  plane  and  a  lower  defea  density  than  the  damaged  regions  produced  by  cleavage  blade  impact 
Significantly,  the  persistence  of  the  post-emission  is  intemediaie  as  well.  To  facilitate  comparisons  with  MgO 
fractured  in  3-point  bend,  we  cleaved  a  few  MgO  single  crystals.  We  found  that  *well-cleaved”  MgO  (minimal 
surface  damage  by  the  cleaving  blade)  showed  little,  if  any,  post  emission,  while  samples  damaged  by  the  cleavage 
blade  yielded  post-emission  lasting  several  minutes.  Neither  MgO  nor  LiF  displayed  post-emission  following 
cleavage  except  when  significant  damage  resulted  from  the  impact  of  the  cleavage  blade.  Yet  another  correlation 
between  post-emission  and  the  degree  of  off-axis  fracture  is  evident  in  the  EE  decay  from  MgO  relative  to  LiF,  both 
fractured  in  3-poim  bend.  EE  from  MgO  fractured  in  3-point  bend  lastt  some  tens  of  seconds,  in  contrast  to  the 
tens  of  miliisecands  required  for  EE  decay  from  LiF  fractured  in  the  same  mode.  The  fracture  of  LiF  in  3-point 
bend  does  not  result  in  off-axis  surfaces,  whereas  the  fracture  of  MgO  in  3-point  bend  does.  We  therefore  conclude 
that  the  post-emissions  from  both  materials  are  strongly  correlated  with  the  occurrence  of  off-axis  fracture  surfaces. 

Off-axis  fracture  and  high  defect  densities  and  may  also  be  associated  with  high  crack  velocities.  High 
crack  velocities  often  lead  to  instabilities  in  crack  (nopagadcn  and  crack  bifurcation,  and  thus  higher  degrees  of  off- 
axis  fracture.  Experimentally,  high  crack  velocities  may  be  realized  in  tensile  loading  and  3-point  bend  by  reducing 
the  maximum  size  of  surface  defects.  This  results  in  stronger  specimens  and  thus  higher  elastic  strain  energy 
densities  at  failure.  Providing  that  the  crack  velociues  are  well  below  the  Rayleigh  wave  limiting  velocity,  higher 
strain  energy  densities  result  in  higher  crack  speeds.  In  the  case  of  MgO  loaded  in  3-point  bend,  we  have  shown 
that  that  peak  photon  emission  intensities  increase  with  sample  strength.^  This  is  readily  explained  if  surface 
defea  densities  increase  with  crack  velocity  and  sample  strength. 


191 


We  have  also  found  chat  EE  intensity  can  be  a  strong  function  of  crystal  orientadon  when  orientation 
affects  the  degree  of  off-aais  firactnre.  In  woric  on  oheatBdMgF2fnctuied  in  3*poim  bend  we  have  found  that 

ofientaiioos  fitvoring  clean  cleavage  typically  yields  a  quaror  or  less  of  the  EE  intensity  characteristic  of 
orientations  favoring  off-axis  fracture. 

With  regard  to  the  identities  of  the  defects  associated  with  the  post-emission  process,  we  note  that 
thermally  electron  emission  and  photon  emission  (TSEE.  TSL)  work  suggest  that  the  common  V-type 

centers  (H.  V]c,  Vf,  and  Vf)  decay  by  the  emission  of  a  hole  well  below  room  temperature.  ^  ^  Thus  V-type  centers 
probably  do  not  to  parodpaie  in  post-emission.  However,  a  number  of  workers  have  observed  intense  TSEE  and 
TSL  between  300  and  400  These  emissions  have  been  attributed  to  the  release  of  electrons  from  craps 

formed  by  surface  lattioe  defects.  The  modest  stability  of  these  traps  at  room  temperature  make  them  good 
ranHi/ta>^  foT  souTces  of  mobile  elecffons  following  room  temperature  fracture.  We  have  little  information  about 
Che  participating  recombination  centers,  although  as  noted  above,  they  are  probably  not  simple  V-type  centers. 
Fracture  surfaces,  especially  damaged  or  off-axis  surfaces,  may  well  display  a  wide  variety  of  mote  complex  electron 
and  hole  centers  associated  with  vacancy  aggregates  or  surface  steps  and  comets. 

WoUbrandt  et  al.  suggest  that  the  surface  F*  -center  (an  anion  vacancy  associated  with  two  trapped 
electrons)  is  the  paiticipaiing  election  trap  and  that  the  surface  F'^-center  (an  anion  vacancy  associated  with  no 
trapped  electrons)  is  the  recombination  center.^  The  electron  density  of  the  F'-cenier  extends  well  beyond  the 
vacancy  itself,  facilitating  tunneling  to  nearby  F-centers  (anion  vacancies  associated  with  one  trapped  electron)  and 
F'*'-centers.  Electron  tunneling  from  F* -centen  to  nearby  F-centers  is  equivalent  to  the  motion  of  the  F* -centers 
among  the  surface  anion  vacancies.  This  defect  motion,  being  the  result  of  tunneling,  is  relatively  insensitive  to 
temperature.^  This  would  explain  the  relative  insensitivity  of  the  decay  kinetics  to  temperature  observed  by 
Wollbiandt.  Auger  recombination  at  F'*‘-centers  would  yield  EE.  A  paiaUel  process  producing  photons  with 
identical  kinetics  should  be  detectable,  similar  to  that  seen  in  MgO.^ 

Further  evidence  concerning  the  nature  of  the  recombination  process  is  provide  by  the  decay  kinetics. 
WoUbrandt  observed  second  order  kinetics  in  the  post-emission  decay.  In  our  data,  the  emission  decay  was  not 
described  by  kinetics  of  a  single  order.  Figure  7  represents  the  EE  decay  of  Fig.  2(a)  on  a  log/Iog  plot  Although 
the  EE  decay  kinetics  over  the  entire  time  interval  are  not  described  by  a  simple  1/t"  relationship,  1/t^-^  provides  a 
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fair  descriptioa  over  a  decade  in  dme.  The  giadual  increase  in  the  exponent  of  the  EE  decay  (n  a -slope)  to  a 
roughly  constant  value  ot  1.6  in  Fig.  7.  is  characteristic  of  tunneling  recombination  involving  randomly  distributed 
ekctron  and  hole  centers.  Thomas  etaL  modeled  this  decay  assuming  that  the  recombination  probability  is  an 
exponential  fimction  of  the  separation  between  the  decnon  and  hole  centers.  Williams  et  al.  extended  this  model 
to  include  the  case  of  thermally  acnvated  hopping  and  used  the  result  to  describe  the  temperature  dependence  of  the 
4.9  eV  luminescence  decay  following  electron  bombardment  of  MgO.  In  these  models,  equal  initial  electron  and 
hole  center  concenuadons  yidd  second  order  decay  kinetics  in  the  long  nine  limit  The  dme  required  to  establish 
second  order  decay  is  sensidve  to  initial  defea  densities  and  can  be  much  less  than  our  sampling  tunes.  Variable 
decay  kinedcs,  displaying  a  gradual  increase  in  decay  exponent  n,  apply  in  the  short  time  limit  and  in  the  case  of 
electron  or  hole  center  density  excess.  Thus  these  models  have  the  potendai  to  describe  the  decay  Idneiics  of  both 
our  results  and  those  of  Wollbnndt  et  aL  Decay  data  taken  at  a  variety  of  temperatures  and  initial  defect 
concentrations  would  help  resolve  the  details  of  the  processes  involved.  We  also  note  that  the  decay  of  Fig.  7 
shows  a  disdncdy  slower  decay  at  tunes  longer  than  about  1500  s  and  a  distinctly  faster  decay  at  times  less  than 
about  5  s  (the  first  two  data  points  shown),  suggesting  that  other  emission  processes  are  important  at  these  times. 

Upson  et  al.  concluded  that  charge  carried  to  the  surface  by  moving  dislocations  accounted  for  the  long 
decay  of  the  post-emissian.^  They  propose  that  these  disiocadons  are  initially  pinned  by  charged  defects,  which 
after  Gracture  are  free  to  diffiise  uixler  the  influence  of  the  etocak  fields  produced  by  nearby  surface  charges.  As  these 
defects  di^use  away,  the  disiocadons  are  free  to  move  toward  the  surface  under  the  influence  of  image  forces  Along 
the  way,  they  can  sweep  charge  from  nearby  F-centers.  This  charge  may  participate  in  emission  processes  upon  its 
arrival  at  the  surface.  Since  diffusion  is  a  first  order  process,  one  would  expect  the  resulting  EE  decay  to  be  first 
order.  Although  this  was  not  observed  in  the  present  work,  a  non-linear  dislocauon  mechanism  might  still  be 
possible.  Indeed,  it  may  be  that  the  emission  peak  about  4  ms  after  fracture  in  Fig.  1(a)  is  associated  with 
dislocations  popping  out  of  the  newly  formed  fracnire  sur&ce.  A  similar  delayed  peak  was  observed  in  EE  from 
single  crystal  Si  fractured  in  3-point  bend  on  a  slightly  faster  dme  scale.^®  Finally,  we  note  that  dislocadon  related 
mechanisms  are  extremely  important  in  EE  and  phE  occurring  during  plastic  deformation.^* 
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V  CONCLUSIONS 


The  pneem  woric  suggests  that  the  intense,  prokxiged  EE  Grom  cleaved  LiF  is  a  relatively  localized 
phenomenaassociaied  with  highly  damaged  regioos  of  the  sample  suiface.  These  damaged  r^ions  are  associated 
with  significant  plastic  defomtatioa  as  well  as  high  densities  of  sarftce  defects.  Measurements  of  EE  from  smooth 
(100)  cleavage  pisoes  produced  in  cleavage  indicate  that  they  an  associated  with  litde.  if  any,  post-emission.  The 
duntioa  of  post-emission  from  MgO  and  LiF  in  various  modes  also  coneiates  well  with  the  degree  of  'off-axis' 
fracture  which  is  associated  with  high  defect  densities.  A  mechanism  involving  tunneling  recombination  of  charge 
cairien  sapped  at  surface  defects  would  explain  the  variable  decay  kinetics  observed,  although  contributions  from 
moving  dislocations  cannot  be  ruled  out  In  a  general  sense,  we  are  able  to  conclude  that  the  EE  post-emission 
intensities  are  highly  sensitive  to  the  details  of  localized  energy  deposition  during  the  loading  and  fiactnre  events, 
namely  regions  containing  higher  densities  of  surface  (or  near  surface)  damage  yield  dramadcaUy  increased  emission. 
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CaptioM 


EE  from  LiF  fiactured  in  <a)  tension  and  (b)  3-point  bend.  Note  die  different  dme  scales  in  (a) 
and(b). 

EE  from  cleaved  LiF  samples  showing  (a)  intense  postremission  and  (b)  weak  post-emission. 

SEM  photogr^ihs  of  two  cleaved  LiF  surfrces  exhibiting  intense  post-emission,  with  magnified 
views  of  the  damaged  regions  on  the  right  The  point  of  cleavage  blade  impact  is  at  the  top  of 
each  photograph. 

EE  observed  by  scanning  a  CEM  repeatedly  across  (a)  the  surface  shown  in  Fig.  3<a),  and  (b)  the 
surface  shown  in  Fig.  3(b).  Note  that  the  vertical  scale  is  logarithmic. 

EE  from  a  LiF  surface  abraded  with  a  diamond  point 

EE  from  macroscopic  particles  (ejecta)  produced  by  filing  a  LiF  crystal  in  vacuum. 

A  log/log  plot  of  the  EE  shown  in  Fig.  2  (a).  The  line  represents  a  fit  of  the  data  in  the  nearly 
linear  region  centered  at  -4(X)s. 
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XII.  Anisotropy  effects  on  fracto-eniission  fron  MgF2  single  crystnls 

K.  C.  Yoo*^  and  R.  G.  Roscroeiet**^ 

Department  of  Mechanical  Engineering.  University  <rf Maryland,  College  Park,  MD  20742 

J.  T.  Dickinson  and  S.  C.  Langford 

Department  of  Physics,  Washington  State  University,  Pullman,  WA  99164-2814 

An  important  component  of  Cracto-^ission  is  the  emission  of  elecmms  (EE)  accompanying  the 
fiactiiie  of  materials.  In  this  paper,  we  present  measurements  of  EE  accompanying  the  fracture  of 
MgF2  single  crystals  loaded  in  three-point  bend.  In  particular,  we  examine  the  effect  of  changing  the 
crystal  orientation  relative  to  the  loading  direction  on  emission  intensity.  We  find  that  fracture 
surfaces  with  different  crystal  orientations  yield  significantly  different  EE.  We  propose  that  this  is  due 
to  differences  in  the  density  of  defects  produced  by  such  fracture. 

Present  Address:  Westinghouse  Research  and  Development,  Pittsburgh,  PA  15235 

Present  Address:  Brimrose  Corporation  of  America,  Baltimore,  MD  21236 
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Eaiiier  experimental  and  theoretical  studies  on  various  fiacto-emission  phenomena  have  been  reported 
involving  brittle  materials  including  alkali  halides,  metal  oxides,  silica  glasses,  and  molecular  crystals  [1-18], 

A  number  of  features  of  the  observed  emissions  can  be  described  in  tenns  of  bond  breaking  induced  excitations 
and  defea  production  during  crack  growth.  The  density  and  stability  of  excitations  and  defects  created  during 
fracture  are  a  fimcdon  of  the  crystallographic  environment  of  the  surface.  Defea  densities  may  also  be 
strongly  dictated  by  the  dynamic  behavior  of  dislocations  in  the  near-surface  region.  Indentation  studies  of  .MgO 
single  crystals  have  shown  that  internal  strain  energy  is  often  released  by  dislocations  escaping  through  the 
fracture  surface  [19].  The  crystallographic  orientation  of  the  fracture  surface  could  dictate  the  kinetics  of 
dislocation  motion  and  greatly  influence  energetic  processes  at  the  surface  [20],  including  the  energetics  and 
stability  of  point  defects. 

In  earlier  studies  of  fracto-emission  from  cyclotrimethylene  iriniiiamine  (RDX)  [7]  and  pentaerythritol 
letranitrate  (PETN)  [II]  explosive  single  crystals,  we  showed  that  the  mode  of  fracture  relative  to  the 
crystallographic  orientation  again  influenced  the  emission  characteristics.  In  two  recent  studies,  we  have  shown 
that  fracto-emission  intensities  depend  strongly  on  the  amount  of  non><100)  plane  fracnjre  in  MgO  and  Li? 
single  crystals  [14, 18],  where  extensive  "off-axis”  fracture  yielded  substantial  increases  in  emission.  In  the 

present  investigation,  we  examine  the  effect  of  crystal  orientation  on  the  electron  emission  (EE)  for  two  different 
orientations  of  MgF2  single  crystals.  The  orientations  were  chosen  so  that  the  resulting  fracture  surfaces  would 

have  different  atomic  bonding  structures  with  the  potential  to  influence  the  microscopic  processes  accompanying 
fracture. 

To  ensure  that  any  differences  in  emission  intensities  were  due  u>  orientation  effects  and  not  to 

differences  in  defea  density,  crystal  history,  or  sample  size,  all  samples  were  cut  to  the  same  size  from  material 
from  a  single  monocrystaL  MgF2  single  crystal  plates  were  prepared  in  (1 10)  and  (101)  orientations  from 

random  crystals  from  the  same  macrocrystal  based  on  the  Laue  x-ray  back-reflection  measurements.  All  crystals 
experienced  the  same  history  in  terms  of  environment  and  therefore  were  assumed  U)  have  similar  defect 
densities.  10  x  S  x  1  mm^  specimens  were  cut  from  these  plates  and  loaded  in  three-point  bend  so  that  (101) 
surfaces  of  the  (1 10)  plates  were  centered  in  the  support  span  and  [  1 10)  surfaces  of  the  (101)  plates  were  centered 
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the  support  spam  Thus  fitacuireofthe  (110)  plates  was  favored  along  (101)  planes  and  fracture  of  the  (101) 
piaiBs  was  fiivored  along  (110)  planes.  In  these  orientaiions,  two  (101)  planes  in  the  (110)  plates  are  equally 
bvoeed  fracture  planes,  while  a  uniquely  favored  (110)  fracttoe  plane  exists  in  the  (101)  plates. 

Experimental  details  are  similar  to  those  described  elsewhere  (6).  EE  was  detected  with  a  Galileo 
Electro-Optics  Model  4039  Qianneliron  election  multiplier  (CEM)  positioned  approximately  1  cm  from  the 
freshly  formed  surface.  This  CEM  produces  fast  (10  ns)  pulses  with  approximately  90  %  absolute  detection 
efficiency  for  elections.  The  output  of  the  CEM  was  pulse  counted  with  a  multichannel  analyzer.  Experiments 
were  carried  out  in  a  vacuum  of  10  ^  Pa.  The  fracture  surface  orientaiions  were  determined  by  Laue  back- 
reflection  measurements  and  confirmed  by  geometric  configuration  relative  to  the  orientation  of  the  specimen 
surfaces.  The  topography  of  the  fracture  surfaces  was  carefiiily  e»ai"«ped  by  scanning  electron  microscopy 
(SEM),  confirming  the  surface  orientations. 

Figures  1(a)  and  (b)  are  SEM  micrographs  of  the  fracture  surfaces  obtained  from  the  two  types  of 
specimens.  The  direction  of  loading  in  each  case  lies  along  the  surface  normal  of  the  plate  used  to  prepare  the 
sample.  The  fracnire  surface  of  the  (1 10)  plate  in  Ftg.  1(a)  shows  two  diflerent  ( 101 )  facets,  while  the  fracture 

surface  of  the  (101)  plate  in  Fig.  1(b)  shows  a  single,  flat  ( 1 10)  plane.  Thus,  the  fracture  surfaces  are 
predominantly  crystallographic,  following  the  fracture  mechanisms  of  MgF2  single  crystals  shown  in  a  previous 

study  (21). 

Typical  EE  curves  for  the  two  orientations  are  shown  in  Fig.  2.  On  this  slow  time  scale,  one  finds 
that  fracture  (marked  with  an  arrow)  is  accompanied  by  a  burst  of  electrons  followed  by  sustained  emission  after 
the  fracture  event  The  peak  intensities  for  the  ( 101 )  fracture  surfaces  are  higher  and  the  duration  of  the  post¬ 
emission  is  longer,  thus  yielding  more  total  emission.  Mechanisms  for  both  the  emission  at  fracture  and  the 
post-emission  have  been  discussed  elsewhere  (6,18).  Direa  excitation  and  very  rapid  decay  processes  dominate 
during  fracture  and  charge  recombination  at  defects  dominates  etfter  fracnire.  The  different  decay  Idnedcs  seen  for 
these  two  surfaces  are  both  consistent  with  a  mobile  charge  carrierfrecombination  mechanism. 

The  total  number  of  EE  counts  acquired  over  a  time  of  -300  seconds  from  eight  different  samples 
which  yielded  four  fracture  surfaces  of  the  two  orientations  labeled  in  Table  I  by  their  dominant  orientations. 

The  results  for  these  eight  samples  show  that  the  EE  intensity  from  the  ( 1 10)  fracnire  surfaces  are  greater  than 
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those  from  ( 101 )  Gractuie  surfaces  by  a  substantial  margin,  typically  a  factor  of  S-10.  The  ftacture  of  one 
sample  (marked  with  a)  resulted  in  a  small  piece  of  ejecta  [22]  landing  on  the  front  cone  of  the  CEM,  which 
might  account  for  the  anomalously  high  intensity.  Measurements  of  EE  horn  LiF  ejecta  have  shown  that  these 
fragments  are  highly  emissive  [18].  Ejecta  partictes  are  expected  to  have  extreme  variations  in  the  distribution 
of  crystallographic  planes  on  their  fracoiie  surfaces  and  are  consequently  strong  sources  of  EE.  Even  ignoring 
this  aiKxnaly.  the  data  in  Table  I  strongly  suggest  that  the  creation  of  these  two  types  of  fracture  surfaces  yield 
different  EE  intensities. 

In  the  present  investigation,  the  fracture  surfaces  appear  to  cmncide  with  the  { 1 10}  and  [  101 }  planes, 
which  are  the  cleavage  planes  of  MgF2.  In  general,  fracture  surfue  energy  scales  with  Young’s  modulus.  Based 

on  the  elastic  constant  anisotropy  of  MgF2.  the  formation  of  a  ( 1 10)  cleavage  surface  would  be  expected  to 
require  about  3S%  more  energy  per  unit  area  than  the  formation  of  a  ( 101 )  surface.  In  practice,  much  of  the 
strain  energy  expended  in  fracture  goes  to  irreversible  processes,  including  fracto-emission.  We  have  observed  a 
strong  correlation  between  peak  photon  emission  intensity  and  load  at  fracture  in  single  crystal  MgO,  which  we 
attribute  to  the  greater  strain  energies  in  the  stronger  samples,  a  portion  of  which  is  channeled  into  mechanical 
and  electronic  processes  in  the  region  of  the  crack  tip.  Outing  crack  growth,  such  processes  lead  to  the 
excitations  and  defects  required  for  emission.  The  observation  of  substantially  increased  EE  from  the  ( 1 10) 
fracture  surfaces  is  therefore  expected  on  these  grounds. 

The  different  arrangements  of  magnesium  and  Huorine  ions  on  the  [  1 10)  and  { 101  ]  fracture  surfaces 
may  also  affect  the  observed  EE.  Magnesium  fluoride  has  a  tetragonal  structure  where  magnesium  atoms  sit  at 
the  comers  and  center  of  the  unit  cell  Six  fluorines  coordinate  octahedrally  about  each  magnesium  and  each 
fluorine  is  bonded  to  three  magnesium  atoms  as  shown  in  Fig.  3.  Thus  the  structural  arrangement  or  atomic 
packing  is  different  on  the  ( 1 10)  and  ( 101 )  planes.  The  (110)  planes  consist  of  both  fluorines  and 
magnesiums,  however  the  ( 101 }  planes  consist  of  magnesiums  or  fluorines  only  as  shown  in  Fig.  4.  In  both 
cases,  fracture  tends  to  take  place  between  the  densely  populated  planes  shown  in  Fig.  4.  Ruotines  between 
these  densely  packed  planes  must  also  associate  with  the  new  fracture  surfaces,  and  in  doing  so  must  relax 
substantially  from  their  equilibrium  positions  in  the  bulk.  Even  in  more  stable  surfaces,  the  detection  of  neutral 
species  accompanying  fracture  has  shown  that  the  fracture  surfrKe  is  out  of  chemical  equilibrium  for  several 


seconds.  For  example,  we  have  shown  the  fracture  of  single  crystal  MgO  is  always  accompanied  by  magnesium 
atom  emissioa  following  fracture  [13].  This  suggests  that  the  atomic  stnicture  of  a  freshly  created  fracture 
surfme  depans  considerably  from  perfiBctiQo.  Thus,  we  propose  that  when  two  surfaces  with  difrerent  structures 
are  created  in  fracnire.  differences  in  local  geom^  and  instantaneous  rates  of  energy  release  would  display 
conaderable  differences  in  the  density  and  types  of  excitations  and  surface  defects,  which  in  turn  would  result  in 
different  emission  behaviors. 

To  date,  we  have  not  identified  the  possible  excitations  and  defects  involved  in  both  the  emission 
during  fracture  and  the  post-emission  in  MgF2.  nor  have  we  examined  the  role  of  dislocations.  Nevertheless,  we 

have  shown  here  that  the  EE  intensities  are  sensitive  to  the  locus  of  crack  growth  in  an  anisotropic,  crystalline 

material.  Studies  of  the  accompanying  photon,  positive  ion,  and  neumi  particle  (atoms/molecules)  emissions 
from  MgF2  are  currently  underway. 
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TABLE  I.  Total  Electron  Emission  Counts  for  Eight  Different  Samples  of  Single  Crystal 
MgF2  Yielding  Two  Different  Fracture  Surface  Orienutions. 


FRACTURE  SURFACE 
ORIENTATION 

Total  EE  Counts 

(101) 

5400 

6.700‘>) 

5,000 

10.000 

(110) 

433.000*) 

22.S00‘>) 

22.500 

34.700 

*)A  small  piece  of  ejecta  Anm  the  firactured  sample  was  on  the  detector  after  fracnue. 
b)Data  conesponds  to  EE  shown  in  Fig.  2. 
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Figure  Captions 


Fig.  1.  Scanning  electron  micrographs  of  (a)  the  ( 101 )  fracture  surfaces,  and  (b)  the  predominantly  { 1  lOj 

fracture  surface.  In  each  micrograph,  the  vertical  label  indicates  the  orientation  of  the  tensile  surface  of 
the  sample,  while  the  horizontal  label  indicates  the  orientation  of  the  corresponding  fracture  surface. 

Fig.  2.  Typical  electron  emission  curves  from  (a)  ( 101 )  and  (b)  ( 1 10}  fracure  surfaces . 

Fig.  3.  Crystal  structure  of  MgF2. 

Fig.  4.  The  atomic  structure  of  the  uiuelaxed,  most  densely  packed  ( 101 }  and  (110)  planes  of  MgF2. 


EM  Micrographs  of  MgF.  Fracture  Surfaces 


4.623  A 
3.052  A 
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ABSTRACT 

Fracto-emission  is  the  emission  of  photons  and  panicles  due  to  the  fracture  of 
materials.  In  this  paper  we  present  characteristic  intensity  vs  time  measurements  of 
photon  emission  (pl£),  electron  emission  (EE),  posidve  ion  emission  (PIE),  and 
neutral  emission  (NE)  due  to  the  fracture  of  fu^  silica  and  sodium  trisilicate  glass. 
We  show,  for  example,  that  the  trisilicate  is  a  copious  emitter  of  atomic  Na  and  both 
atomic  and  molecular  oxygen.  The  ph£,  EE,  and  PIE  from  the  two  glasses  share  a 
number  of  properties. 


I.  INTRODUCTION 


The  emission  of  particles  and  light  due  to  fracture  has  been  demonstrated  for  a  wide 

1-3 

variety  of  materials,  including  fused  silica  and  a  few  silicate  glasses.  Collectively,  we  refer  to 
these  emissions  as  fracto-emission  (FE).  In  general,  our  interests  focus  on  characterizing  FE, 
understanding  the  emission  mechanisms,  and  applying  FE  as  a  probe  of  failure  processes.  A 
number  of  the  FE  processes  are  related  to  the  chemical  reactivity  of  fracture  surfaces,  which  is  of 
fundamental  interest  in  tribology  and  materiai/environment  interactions.  Fracture  related  surface 
chemistry  can  often  dictate  the  useful  life  of  a  material.  In  geological  situations,  the  fracture  and 


wear  of  minerals  (including  those  in  glass  phases)  form  chemical  interfaces  with  gases  and  water 
involving  extremely  large  surface  areas  and  material  exchanges.  As  discussed  by 
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Freund^,  these  interactions  can  involve  significant  quantities  of  the  components  of 
planetary  atmospheres. 

In  this  paper  we  present  recent  measurements  of  photon  emission  (ph£),  electron 
emission  (EE),  positive  ion  emission  (PIE),  and  neutral  emission  (NE)  due  to  the  fracture 
of  fused  silica  and  sodium  trisilicate  glass.  Regarding  NE,  we  focus  on  the  emission 
seen  at  masses  23  and  32  involving  sodium  and  oxygen,  which  play  important  roles  in 
the  surface  chemistry  of  these  materials. 

n.  EXPERIMENT 


UV  grade  fused  silica  rod  was  obtained  from  Heraus-Amersil,  Inc.  (Suprasil  II). 
Sodium  trisilicate  rod  was  prepared  by  melting  sodium  carbonate  and  quartz  (Min*U-Sil) 
in  a  platinum  crucible.  Both  sets  of  rod  were  nominally  4  mm  in  diameter.  The  samples 
were  cut  into  12  mm  lengths  and  mounted  in  three  point  bend  across  a  support  span  of 
6.4  mm.  The  sample  holder  carried  20-24  samples  in  a  carousel  arrangement  which 
could  be  mounted  in  a  vacuum  system  and  manipulated  from  outside.  Experiments  were 
carried  out  at  a  background  pressure  of  10~^  Pa. 

The  neutral  emission  from  the  sample  was  monitored  with  a  UTI  lOOC 
quadrupole  mass  spectrometer  (QMS)  and  a  modified  Bayard-Alpert  ion  gauge  positioned 
1.2  and  20  cm  from  the  sample,  respectively.  Emission  currents  for  the  two  detectors 
were  2  ma  and  4.7  ma,  respectively.  The  ion  guage  was  out  of  sight  of  the  specimen; 
thus,  only  volatile  gases  contributed  to  the  observed  pressure  changes.  The  electrometer 
outputs  of  these  devices  were  digitized  and  recorded  with  a  LeCroy  Data  Acquisition 
System.  The  response  time  of  the  QMS  electrometer  was  typically  200  ^is;  the  ion  gauge 
electronics  response  time  was  40  ms.  The  applied  force  was  monitored  with  a  Sensotec 
Model  31  force  transducer. 
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phJE,  EE,  and  PIE  measurements  were  carried  out  in  a  separate  vacuum  system 
under  similar  conditions.  ph£  was  detected  with  an  EMI  Gencom  9924QB 
photomultiplier  tube  with  a  bialkali  phosphor  and  a  quartz  window.  EE  and  PIE  were 
detected  with  a  Galileo  Electro-optics  4039  Channeltron  electron  multiplier  (CEM). 

Both  the  photomultiplier  tube  and  the  CEM  were  mounted  at  a  distance  of  1-2  cm  from 
the  samples.  The  applied  force  was  monitored  with  a  ICistler  9202  quartz  force 
transducer  mounted  behind  the  loading  device.  The  photomultiplier  tube  and  CEM 
outputs  were  pulse  counted  and  stimmed  in  a  multichannel  scaler  at  100  jis  intervals. 

The  output  of  the  force  transducer  was  digitized  and  recorded  at  identical  intervals.  In 
all  of  our  experiments,  care  was  taken  to  minimiza  artifacts  created  by  vibrations  from 
the  fracture  event  itself. 

in.  RESULTS 

The  neutral  emissions  which  we  have  observed  to  date  from  fused  silica  and 
sodium  trisilicate  glass  are  summarized  in  Table  I.  By  continuously  scanning  various 
mass  ranges,  we  were  able  to  estimate  the  relative  magnitudes  of  the  observed  peaks  and 
correlate  them  in  time.  On  the  basis  of  cracking  fractions,  we  have  made  the  indicated 
identifications.  As  noted  in  the  table,  some  of  these  emissions  are  most  intense 
immediately  following  fracture  (P  ■  prompt),  while  others  are  delayed  to  some  extent  (D 
■  delayed).  Several  of  the  NE  measurements  were  repeated  with  a  shield  between  the 
sample  and  the  ionizer  of  the  mass  spectrometer  to  ensure  that  the  observed  signals  were 
not  due  to  ejecta.  Although  the  shield  significantly  reduced  NE  intensities,  it  did  not 
affect  their  existence  or  time  behaviors. 

Both  the  silica  and  the  trisilicate  show  mass  32  emission  accompanying  fracture. 
In  Fig.  1,  we  show  the  mass  32  emissions  from  these  materials  for  the  first  few  ms 
following  fracture.  The  times  of  fracture  were  determined  from  load  measurements  and 
are  indicated  with  arrows.  During  this  interval,  the  emissions  are  remarkably  similar  in 
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intensity  and  time  behavior.  The  emission  from  silica  is  essentially  complete  after  10-20 
ms.  These  peaks  rise  roughly  in  times  given  by  the  response  time  of  our  electronics,  but 
fall  slower  than  predicted.  The  initial  mass  32  emissions  from  both  glasses  appear  to  be 
rising  with  fracture  and  showing  a  fairly  rapid  decaying  emission  after  fracture.  For  the 
silica  glass,  this  is  the  only  mass  32  emission  observed.  Although  the  number  of  higher 
mass  peaks  examined  is  limited,  all  evidence  suggests  that  this  fast  mass  32  peak  is  due 
to  molecular  oxygen  emission. 

In  stark  contrast,  mass  32  emission  from  the  trisilicate  continues  to  "erupt" 
hundreds  of  milliseconds  later,  as  shown  in  Fig.  2a.  A  portion  of  this  emission  is 
displayed  on  an  expanded  time  scale  in  the  inset,  showing  that  the  intense  emission  of 
Fig.  2a  consists  of  a  series  of  well  defined  peaks.  These  peaks  are  not  periodic.  The 
later  stages  of  decay  in  mass  32  emission  parallels  the  decay  of  the  total  pressure 
following  fracture,  shown  in  Fig.  2b.  Fast  mass  scan  data  acquired  during  and  following 
fracture  of  the  trisilicate  glass  show  that  mass  32  is  again  due  to  O2  emission.  O2  partial 
pressures  calculated  from  the  detected  mass  current  are  in  agreement  with  the  total 
pressure  measured  by  the  Bayard-Alpert  ion  gauge.  Thus,  the  bulk  of  the  pressure 
change  during  this  sustained  emission  appears  to  be  due  to  O2.  Some  contribution  from 
mass  16  is  probable. 

The  initial  O2  emission  peaks  from  both  fused  silica  and  the  trisilicate  appear  to 
have  a  common  origin  strongly  associated  with  fracture.  This  is  supported  by  the 
observed  similarity  in  the  dependence  of  ©2  emission  intensity  vs  strength.  In  Fig.  3  we 
show  a  plot  of  the  measured  mass  32  intensities  vs  load  at  fracture  for  the  two  glasses. 
Data  from  the  two  types  of  glass  fall  on  the  same  straight  line.  We  have  observed 
similar  behavior  in  a  number  of  fracto-emission  studies,  including  the  neutral  emission 
from  the  fracture  of  glassy  polymers.®’^ 

The  initial  emission  of  mass  16  from  these  glasses  is  typically  an  order  of 
magnitude  more  intense  than  the  emission  of  mass  32  at  fracture.  Mass  scans  after  the 
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fracture  of  sodium  trisilicate  show  mass  16  signals  about  30  times  more  intense  than 
those  predicted  from  cracking  fractions  of  CH^  (estimated  from  mass  IS  peak),  O2,  and 
other  oxygen  containing  gases.  Emission  curves  with  the  QMS  tuned  to  mass  16  are 
similar  to  the  O2  emission  curves,  with  the  exception  of  the  much  more  intense  initial 
emission  peak.  We  therefore  conclude  that  atomic  oxygen  is  also  a  very  important 
product  emitted  from  the  fracture  surface. 

Significant  quantities  of  neutral  sodium  emission  are  observed  from  the  fracture 
of  the  sodium  trisilicate;  most  of  it  is  emitted  long  after  fracture.  The  time  behavior  of 
the  mass  23  emission  from  sodium  trisilicate  is  similar  to  the  O2  emission  from  the  same 
material,  as  may  be  seen  by  comparing  Figures  2a  and  4.  However,  the  maw  23 
emission  is  less  regular  than  the  mass  32  emission,  showing  a  greater  tendency  to  spike. 
Frequently,  the  mass  23  emission  lacked  the  initial  peak  at  fracture  displayed 
consistently  in  mass  32.  Further,  the  mass  23  emission  from  the  stronger  «ampia<  tended 
to  be  significantly  less  intense.  Mass  scans  (one  scan  every  80  ms)  during  this  sustained 
emission  show  only  small  peaks  at  other  sodium  containing  compounds  so  that  the 
majority  of  the  mass  23  signal  can  be  assigned  to  atomic  sodium  desorbing  from  the 
fracture  surface.  The  delayed  emission  of  sodium  is  quite  similar  to  the  emission  of 
atomic  Mg  from  the  fracture  of  single  crystal  MgO  reported  earlier^. 

The  sodium  content  of  the  fused  silica  is  quite  low  (0.04  ppm  by  weight). 
Fractures  of  the  silica  performed  with  the  mass  spectrometer  set  at  mass  23  generally 
showed  no  response.  On  occasion,  small  peaks  four  orders  of  magnitude  smaller  than 
from  the  sodium  trisilicate  were  seen;  we  attribute  these  small  responses  to  anifacts 
which  appear  to  be  due  to  vibrations  in  the  system  created  by  the  fracture. 

phE,  PIE,  and  EE  from  these  glasses  persist  long  after  fracture.  Measurements 
on  nanosecond  time  scales  indicate  that  these  emissions  probably  peak  during  the 
fracture  event  itself,  which  typically  lasts  a  few  microseconds.  With  the  exception  of 
spikes,  these  emissions  then  decay  monotonically.  PIE  and  EE  emission  curves  from 
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different  samples  of  sodium  trisilicate  glass  are  compared  in  Fig.  5.  In  both  signals,  the 
emission  rose  to  a  in  a  single  channel  (i.e.,  <  10~^  s).  These  measurements 

were  with  a  shield  positioned  between  the  samples  and  the  detector.  With  the 
shield  in  place,  the  signal  measured  with  a  negative  bias  on  the  entrance  to  the  CEM 
detector  may  be  confidently  attributed  to  positive  ions,  as  opposed  to  high  energy 
electrons  or  excited  neutrals.  Similarly,  with  a  positive  bias  on  the  CEM  entrance,  only 
negatively  charged  particles  are  detected,  which  we  tentatively  attribute  to  electrons 
only. 

Although  the  shield  blocked  much  of  the  emission,  the  CEM  was  saturated 
during  the  early  portion  of  these  decays.  PIE  and  EE  measurements  on  smaller  samples 
(lower  emission  intensities)  suggest  that  the  inmnsities  during  this  saturation  drop  about 
three  orden  of  magnitude.  Note  that  the  PIE  and  EE  decays  from  the  trisilicate  glass 
follow  similar  kinetics.  Although  generally  more  intense,  the  kinetics  of  the  PIE  and  EE 
decay  from  fused  silica  are  similar  to  those  from  sodium  trisilicate. 

Simultaneous  measurements  of  phE  and  PIE  from  fused  silica  are  shown  in  Fig. 

6.  The  PIE  from  both  materials  display  spikes,  as  noted  above.  Some  of  these  spikes 
are  reflected  in  the  ph£,  although  they  appear  to  be  obscured  by  the  high  ph£ 
"background.”  The  smoothed  decays  show  distinctly  nonexponential  kinetics,  similar  to 
phosphorescence  decay.  phE  intensity,  like  the  initial  O2  emission,  appears  to  increase 
with  sample  strength,  although  this  is  obscured  somewhat  by  detector  saturation.  In 
contrast,  PIE  emission  tended  to  decrease  with  sample  strength.  Generally,  the  emissions 
from  fused  silica  samples  were  more  intense  than  those  from  sodium  trisilicate  samples 
of  comparable  strength.  During  the  early  stages  of  ph£  decay,  this  difference  was 
especially  pronounced,  at  least  a  factor  of  SO.  Table  II  summarizes  these  findings. 
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IV.  DISCUSSION 

A  number  of  phenomena  may  contribum  to  the  observed  FE.  As  fracture 
proceeds,  the  material  behind  the  crack  tip  is  left  in  a  highly  excited  state.  Vibrational 
excitations  with  effective  surface  temperatures  in  excess  of  1000  K.  may  be  possible.^'  ^  ^ 
Immediately  behind  the  crack  tip,  energetic  broken  bonds  render  the  surface  chemically 
active.^^'^^  Intense  electron  bombardment  may  further  excite  the  surface. The 
recombination  of  charge  carriers  trapped  during  these  initial  excitations  can  continue 
long  after  fracture.^  In  some  glasses,  residual  stresses^^  and  high  pressure  phases^^’^^ 
near  the  surface  may  leave  the  surface  mechanically  stressed  as  well. 

High  surface  temperatures  during  fracture  can  be  expected  to  lead  to  thermal 
desorption  of  neutrals  and  thermal  excitation  of  charge  carriers  in  defect  states.  The 
thermal  pulse  should  decay  quickly,  within  picoseconds  after  heating  stops.  This  is 
orders  of  magnitude  shorter  than  the  crack  propagation  time,  which  is  a  few 
microseconds  in  the  case  of  a  fast  crack.  In  static  heating  experiments,  Kelso  and 
Pantano  observed  significant  evaporation  of  Na  metal  from  sodium  trisilicate  glass  at  750 
C.  Thermal  desorption  may  play  an  important  role  in  releasing  species  from  the 
fracture  surfaces  durina  fracture.  However,  the  decays  of  even  the  prompt,  initial 
neutral  emissions  are  far  longer  than  expected  from  such  a  thermal  spike.  Other 
mechanisms  must  apply  to  NE  occurring  significantly  after  the  fracture  event. 

Thermal  excitations  at  fracture  probably  play  an  important  role  in  phE,  EE,  and 
PIE  as  well.  The  ph£  spectra  observed  by  Chapman  and  Walton  while  cutting  various 
silicate  glasses  resembled  black  body  radiation.  ^ '  The  cutting  process  is  believed  to  take 
place  by  repeated  fracture.  During  fracture,  intense  thermal  radiation  may  be  the 
dominant  source  of  phE.  Thermal  excitation  of  charge  carriers  from  surface  defect  sites 
is  also  likely.  Charge  carriers  trapped  in  high  lying  states  during  this  initial  excitation 
would  be  available  to  participate  in  a  number  of  delayed  emission  processes. 
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As  fracture  proceeds,  the  newly  broken  bonds  quickly  react  to  minimize  the 
surface  energy.  The  molecular  dynamics  simulations  of  Levine  and  Garofalini  indicate 
that  this  initial  reorganization  is  essentially  complete  in  1-2  ps  for  fused  silica  and 
sodium  trisilicate  glass.  Slower  reactions  are  expected  on  times  scales  greater  than 
10-20  ps.  They  predict  a  surface  excess  of  oxygen  on  fused  silica  fracture  surfaces,  and 
a  surface  excess  of  sodium  on  sodium  trisilicate  fracture  surfaces.  A  subsurface  excess 
of  oxygen  is  expected  in  the  trisilicate.  Ion  scattering  spectroscopy  on  fresh  fracture 
surfaces  (which  requires  several  minutes  to  perform)  has  confirmed  the  existence  of  a 
surface  excess  of  oxygen  on  fused  silica, and  a  sodium  excess  on  sodium  trisilicate 
glass.  An  excess  of  oxygen  and  sodium  at  the  fracture  surfaces  of  these  glasses  would 
facilitate  the  emission  of  O,  Na,  and  O2. 

Fracture  in  the  silicate  glasses  may  induce  local  charge  separation  and  even 
microdischarges  in  the  crack  tip,  although  we  have  not  yet  attempted  to  verify  thu 
experimentally.  However,  we  have  observed  long  wavelength  electromagnetic  signals 
associated  with  the  fracture  of  single  crystal  quaru  which  we  attribute  to 
microdischarges  near  the  crack  tip.  Several  workers  have  observed  surface  charges  of 
both  signs  on  fresh  fracture  surfaces  of  alkali  halides.^® Charge  separation  in  the 
silicate  glasses  may  be  possible  over  small  patches  of  new  surface  due  to  the  piezoelectric 
character  of  the  quartz  structure,^'^  which  is  reproduced  locally  in  the  structure  of  these 
glasses.  Once  EE  begins,  further  stimulation  of  the  surface  could  result  as  the  emitted 
electrons  are  accelerated  back  toward  surface  regions  of  positive  charge.*^  This  self- 
bombardment  of  the  surface  (a  form  of  "self-flagellation”]  is  certainly  a  potential  source 
of  PIE  and  NE  by  electron  stimulated  desorption  (ESD)  which  we  have  previously 
proposed. 

ESD  is  known  to  result  in  the  emission  of  H"*”,  Na'*’,  and  O'*’  from  soda  silica 
glasses.^^’^'^  Si'*’  is  also  observed  after  the  formation  of  a  Si- rich  surface  layer.  The 
changes  in  the  stoichiometry  of  fused  silica  surfaces  under  electron  bombardment  are 
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believed  to  be  the  result  of  oxygen  emission.^^  The  similarity  of  EE  and  PIE  would  be 
explained  by  ESD  induced  PIE  since  the  latter  would  depend  directly  on  the  EE 
emission  rate.^^ 

After  fracture,  ph£  takes  place  due  to  the  recombination  of  electrons  trapped  at 
surface  E'  centers  (dangling  Si  sp^  orbitals)  and  holes  trapped  at  nonbridging  oxygen 

(NBO)  p  orbitals.  Zink,  Beese,  and  Schindler  have  observed  430  nm  phE  characteristic 

*11 

of  this  recombination  associated  with  the  fracture  of  silica  core  optical  fibers.^  Surface 
E*  centers  have  been  identified  as  participants  in  thermally  stimulated  electron  emission 
processes  in  fused  silica.^^  This  EE  is  attributed  to  thermal  excitation  of  E*  centers 
with  energies  near  the  top  of  the  band  gap,  or  to  Auger  emission  involving  doubly 
occupied  E*  centers.  We  have  found  that  a  simple  one  trap,  one  recombination  center 
model,  assuming  recombination  via  thermal  activation  of  a  mobile  charge  carrier, 
describes  the  decay  of  ph£  and  EE  from  MgO  quite  well.^  The  similarity  in  the  shape 
of  the  decay  curves  for  the  phE  from  the  silicate  glasses  suggests  that  such  a  model  will 
also  explain  these  emissions. 

The  emission  of  O2  from  these  fracture  surfaces  suggests  that  defect  reactions  are 
taking  place  milliseconds  after  fracture  is  complete.  Levine  and  Garofalini's  molecular 
dynamics  work  predict  significant  concentrations  of  NBO’s  and  strained  siloxane  bonds 
(Si-O-Si  structures),  both  chemically  active  defects.  The  NBO’s  are  themselves  likely 
precursors  for  NE  and  PIE  involving  O.  The  peroxy  radical  would  seem  to  be  a  likely 
precursor  for  O2  emission.  Butyagin  suggests  that  excited  NBO’s  are  mobile  on  the 
fracture  surface,  and  thus  are  able  to  participate  in  chemical  reactions  with  other  NBO's 
and  strained  siloxane  bonds.'^^  Reactions  of  the  form 

SiO-  +  SiO*  SiOOSi 
SiO-  +  Si-O-Si  SiOOSi 

may  lead  to  the  production  of  peroxy  radicals  on  the  surface,  and  eventual  formation  of 
molecular  oxygen.  Butyagin  also  observes  that  the  reactivity  of  fractured  quartz  with 
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respect  to  hydrogen  gas  decreases  with  time  after  fracture.  He  attributes  this  to  a 
surface  relaxation  that  takes  1-10  ms  at  room  temperature.  This  relaxation  time  is 
consistent  with  the  duration  of  initial  mass  32  emission  in  this  work.  Hydrogen  is 
believed  to  react  with  NBO’s  and  strained  siloxane  bonds,  both  of  which  would  be 
consumed  in  reactions  which  result  in  mass  32  emission. 

The  energy  released  in  these  defect  reactions  may  be  sufficient  to  lead  to 
desorption,  perhaps  assisted  by  electron-hole  recombination.  If  carrier  recombination  at 
a  NBO  site  were  to  result  in  a  transition  to  a  nonbonding  state,  the  affected  oxygen 
could  be  desorbed. 

The  similarity  of  the  prompt,  initial  O2  emissions  from  silica  and  sodium 
trisilicate  suggests  that  the  chemistry  of  their  fracture  surfaces  is  similar  as  well.  The 
atomic  percentage  of  oxygen  in  the  bulk  of  the  two  materials  is  similar,  67%  in  the 
fused  silica  and  58%  in  the  trisilicate,  so  significant  differences  in  emission  are  not 
expected  on  this  ground.  The  formation  of  molecular  oxygen  would  seem  to  require 
mobile  NBO’s.  It  is  likely  that  sodium  ions  are  only  weakly  bound  to  NBO’s  associated 
with  trapped  holes,  and  thus  may  often  be  shed  in  the  excitation  process.  If  the  mobile 
NBO’s  are  excited,  as  Butyagin  suggests,  then  they  may  be  relatively  free  from  the 
influence  of  sodium.  Then,  even  in  the  trisilicate  glass,  the  reaction  of  NBO’s  to  form 
peroxy  groups  could  proceed  relatively  unimpeded. 

The  reduced  intensity  of  ph£,  EE,  and  PIE  in  the  soda  glass  may  reflect  lower 
concentrations  of  charge  carrier  traps.  Fracture  surfaces  of  sodium  glasses  are  expected 
to  have  a  surface  excess  of  sodium,*^  which  may  occupy  defect  sights  preferentially. 
The  lower  glass  transition  temperature  of  the  soda  glass  may  also  be  associated  with 
more  complete  reconstruction  under  fracture  induced  heating.  The  tendency  of  sodium 
and  oxygen  ions  to  occupy  defects  sights  may  also  explain  the  reduced  mass  23  and  PIE 
emissions  in  the  strong  samples  of  both  materials.  The  intense  phE  decays  from  the 
stronger  samples  imply  that  the  fracture  of  strong  samples,  which  would  tend  to  be  at 
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higher  crack  velocities,  create  higher  densities  of  surface  defects.  Some  of  these  defects 
may  trap  relatively  relatively  mobile,  loosely  bound  sodium  and  oxygen  ions  that  would 
otherwise  participate  in  NE  or  PIE. 

Although  the  identities  of  the  ions  participating  in  the  PIE  have  not  been 
established,  the  most  likely  candidate  is  the  O*  ion  in  both  glasses.  At  fracture,  the 
mass  16  peak  at  fracture  is  the  only  relatively  intense  NE  component  whose  time 
behavior  is  at  all  similar  to  that  of  the  PIE.  However,  Na***  may  contribute  to  PIE  from 
the  trisilicate  glass,  especially  in  the  later  stages  of  decay.  O'*'  would  be  readily  trapped 
by  the  E*  centers,  which  are  essentially  oxygen  vacancies,  which  would  be  consistent 
with  the  trap  mechanism  for  reduced  PIE  intensities  in  the  stronger  samples.  Time-of- 
flight  measurements,  feasible  on  glass  fibers,^  may  clarify  this  point  by  establishing  the 
PIE  mass<s). 

The  delayed  emission  of  O2  and  Na  in  the  sodium  glass  may  well  have  its  basis 
in  surface  chemistry.  However,  a  mechanical  mechanism  also  suggests  itself.  Silica,  an 
"anomalous”  glass,  generally  fails  catastrophically  at  the  onset  of  crack  growth. 

Fractured  material  tends  to  have  low  residual  stresses.  Conversely,  sodium  trisilicate  is 
a  "normal”  glass.  Normal  glasses  often  display  slow,  subcritical  crack  growth,  even  in 
vacuum.  Deformed  material  is  characterized  by  relatively  high  residual  stresses.  In 
this  study,  extensive  crack  branching  was  observed  in  both  glasses.  In  the  trisilicate 
glass,  arrested  crack  branches  may  have  had  the  opportunity  to  undergo  slow  growth 
after  fracture  under  the  influence  of  residual  stresses.  Slow  crack  growth  is  often 
associated  with  low  phE  intensities  and  thus  low  densities  of  surface  defect  formation. 
This  may  explain  the  relatively  intense  O2  and  Na  emission  from  sodium  trisilicate  glass 
long  after  fracture. 

Mechanical  energy  may  also  be  released  during  phase  changes  accompanying 
fracture.  Castano,  Takamori,  and  Shafer  observed  small  crystalline  regions  of  alpha- 
cristobalite,  typically  70-80  nm  in  length,  in  crushed  fused  silica  similar  to  that  used  in 
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this  study.  These  crystallites  were  attributed  to  metastable  beta  cristobalite  retained  in 
the  during  manufacture.  They  believe  that  the  observed  alpha  phase  resulted  from 
a  phase  change  induced  by  the  relief  of  pressure  during  crushing.  Crystallites  in  the 
region  of  the  fracture  surface  may  undergo  a  similar  phase  change.  This  transformation 
is  associated  with  a  volume  increase,  which  may  result  in  further  microcracking. 
Interestingly,  Phillips  has  suggested  that  these  crystallite  boundaries  are  associated  with 
peroxy  structures.  Other  investigators  have  identified  the  peroxy  structure  as  an 
intrinsic  defect  in  fused  silica.^  ^  We  hope  to  investigate  soon  the  dependence  of  O  and 
O2  emission  intensities  on  peroxy  group  concentration. 

V.  CONCLUSION 

We  have  observed  the  emission  several  neutral  and  charged  particles  emitted  during  and 
after  the  fracture  of  fused  silica  and  sodium  trisiiicate  glass.  phE,  EE,  and  PIE  rise  to 
their  maximum  intensities  within  microseconds  of  the  fracture  event  and  thereafter 
decay.  We  attribute  emission  during  the  decay  to  recombination  of  charge  carriers 
trapped  at  surface  defect  sites.  In  contrast,  NE  exhibits  more  complex  kinetics, 
including  a  relatively  slow  rise.  The  emission  mechanism  is  not  clear,  but  may  be  ESD 
or  chemically  induced  desorption. 

Molecular  and  atomic  oxygen  is  observed  from  newly  fractured  samples  of  both 
materials,  rising  to  a  peak  soon  after  fracture.  The  trisilicate  glass  also  displays  an 
intense,  lasting  mass  32  peak  beginning  somewhat  later.  Sodium  emission,  mass  23,  is 
also  observed  from  trisilicate  glass.  Its  time  behavior  is  less  reproducible  than  that  of 
the  oxygen  peaks,  but  is  generally  quite  intense  and  often  delayed  from  fracture.  The 
delayed  emissions  from  the  trisilicate  glass  may  be  due  to  delayed  crack  growth  or  to 
rate  limited  chemical  reactions  on  the  fracture  surface.  Both  oxygen  and  sodium  related 
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emissions  are  probably  facilitated  by  local  concentrations  of  these  ions  at  the  fracture 
surface. 

The  correlation  between  initial  mass  32  emission  with  load  at  fracture  suggests 
that  the  local  chemical  and  electrical  environment  of  a  fracture  surface  is  strongly 
affected  by  the  macroscopic  stress  and  strain  in  the  region  of  the  propagating  crack. 

This  observation  complements  previously  reported  relationships  between  the  chemical 
state  of  a  silicate  glass  surface  and  its  fracture  behavior.^  The  presence  of  free  oxygen 
at  the  fracture  surface  may  have  important  implications  concerning  wear  and  corrosion 
at  metal-glass  rolling  or  rubbing  contacts. 

The  emission  of  neutral  molecules  and  charged  particles  provides  information  on 
the  chemical  and  electronic  processes  accompanying  fracture.  The  time  scales  involved 
in  this  study  ranged  from  fractions  of  milliseconds  to  seconds,  far  in  excess  of  the  times 
scales  typical  of  molecular  dynamics  calculations,  and  far  less  than  the  time  required  to 
perform  a  typical  surface  analysis.  These  emissions  thus  provide  information  about 
surface  processes  occurring  after  fracture  and  before  the  application  of  surface  analytical 
tools. 
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HGURE  CAPTIONS 

Fig.  1.  Mass  32  emission  (a)  and  total  pressure  change  (b)  due  to  fracture  of  sodium 

trisilicate  glass.  The  inset  of  (a)  shows  a  portion  of  the  emission  on  an  expanded 
time  scale.  The  extent  of  the  expanded  portion  is  indicated  by  the  bar  above  the 
time  axis  of  (a).  The  arrows  mark  the  time  of  fracture. 

Fig.  2.  Mass  32  emission  from  the  fracture  of  fused  silica  and  sodium  trisilicate  glass. 
Only  the  first  12  ms  of  emission  are  shown.  The  arrows  mark  the  time  of 
fracture. 

Fig.  3.  Peak  mass  32  emission  as  a  function  of  load  at  fracture  for  both  glasses.  In  the 
case  of  the  trisilicate  glass,  the  value  plotted  is  that  of  the  initial  mass  32  peak. 

Fig.  4.  Mass  23' emission  from  sodium  trisilicate  glass.  The  arrow  marks  the  time  of 
fracture. 

Fig.  3.  EE  and  PIE  from  sodium  trisilicate  glass.  Fracture  occurred  at  time  t  -  0. 

Fig.  6.  phE  and  PIE  from  fused  silica.  Fracture  occurred  at  time  t  >  0. 
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TABLE  I.  Masses  and  identities  of  neutral  emission  observed  following  fracture  of 
fused  silica  and  sodium  trisilicate  glass.  Emissions  peaking  promptly  at  fracture  are 
indicated  with  a  P,  while  emissions  peaking  somewhat  later  are  indicated  with  a  D. 
Very  weak  or  occasionally  observed  emissions  are  indicated  with  an  *.  Peaks  not  as  yet 
measured  are  marked  nm. 


MASS 

Si02 

Na20-3Si02 

PROBABLE 

IDENTITY 

2 

P 

P 

»2 

16 

P 

P 

0,  some  O2 

18 

P 

P 

HjO 

23 

D* 

P,D 

Na 

28 

P 

P 

Si,  some  CO 

32 

P 

P,D 

O2 

39 

nm 

D* 

NaO 

44 

nm 

P 

SiO,  some  CO< 

60 

nm 

D* 

Si02 

Table  n.  A  summary  of  the  major  fracto>emission  components  from  silica  and  sodium  trisilicate 
glasses. 


Initial  O2  very  similar  for  both  glasses;  prompt;  typ.  duration:  10  ms;  intensity 
increases  linearly  with  sample  strength  (see  Fig.  2). 


Delayed  O2  does  not  occur 


strong;  long  lasting;  erratic  fluctuations 
typ.  duration:  400  ms. 


Atomic  O  very  strong;  similar  to  O2  emission,  very  strong;  similar  to  O2  emission. 


Atomic  Na  zero  to  extremely  small; 
probably  artifact. 


very  intense; 

typ.  duration:  Is; 

evidence  of  spikes  after  fracture; 

intensity  increased  with  strength. 

very  intense; 
typical  duration:  1  s; 
spikes  after  fracture; 

typical  duration:  1  s; 
spikes  after  fracture; 
intensity  decreased  with  strength 


strong;  typ.  duration:  600  ms; 
erratic  fluctuations; 

intensity  decreased  with  sample  strength. 

intense,  but  smaller, 
typ.  duration:  SOO  ms. 
evidence  of  spikes  after  fracture; 
intensity  increased  with  strength. 

intense;  typical  duration:  SOO  ms; 
spikes  after  fracture; 


typical  duration  SOO  ms; 
spikes  after  fracture; 
intensity  decreased  with  strength. 


(mPA) 


INITIAL  M32  EMISSION 


FUSED  SILICA 


•k 


TIME  (ms) 


1% 


SODIUM  TRISILICATE 


EE  AND  PIE  FROM  SODIUM  TRISILICATE  GLASS 
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XIV.  Positive  ioa  emissioa  nroB  the  Aractare  fased  silica 


S.  C.  Langford,  J.  T.  Dickiiison,  L.  C.  Jensen 

Physics  Djparonau,  Washington  State  University,  Pullman,  WA  99164-2814 

L.  R.  Pederson 

Pacific  Northwest  Laboratories,  Richland,  WA  99352 


Positive  ion  emission  was  observed  during  and  after  the  fracture  of  fused  silica  using  time-of- 

flight  techniques  and  quadrupole  mass  spectroscopy.  Emissions  attributed  to  Si^,  SiO^,  and 
Si^O^  were  observed  during  the  fracture  event  itself.  An  emission  mechanism  for  the  silicon 

containing  ions  was  proposed  involving  the  mechanical  scission  of  at  least  three  of  the  bonds 
joining  a  silica  tetrahedron  to  the  rest  of  the  silica  network.  The  production  of  silicon- 
containing  ions  suggests  the  activity  of  nonequilibrium  processes  which  may  contribute 
significantly  to  the  fracture  energy  of  fused  silica.  A  long  lived  emission  was  attributed  to  the 
ESD  ofO*. 
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I.  INTRODUCTION 

The  emission  of  photons,  elections,  neotnl  mtdecules,  and  ions  during  and  afier  firacture  provides 
infonnaticn  on  atomic  processes  occuiring  at  die  crack  dp  and  on  the  newly  fonned  fracture  surface.  We  refer  to 
defonnarion  and  fracnue  related  emissions  collectively  as  fracuhtmission.  Panicuiarly  in  the  silicate  glasses,  recent 
progress  in  the  understanding  of  fracnue  has  required  consideradon  of  bond  breaking  processes  on  the  atomic  scale. 

Due  to  the  difficulty  of  fast  time  scale  measurements  of  atomic  properties,  much  of  the  experimental  work  has  been 
restricted  to  slow  crack  growth.  Fracto-emission,  which  is  readily  amenable  u>  study  on  very  short  time  scales,  may 
offer  opportunides  for  measurements  of  nanosecond  phenomena  accompanying  crack  propagadon. 

In  previous  wruk  we  have  observed  photon  emission  (phE),  electron  emission  (EE),  and  posidve  ion 
emission  (PIE),  as  well  as  the  emission  of  long  wavelength  electromagnetic  ladiadon  and  neutral  molecules  from  the 

4 

fracture  of  fused  silica.  phE  and  EE  persist  many  seconds  after  fracture  and  are  especially  intense  during  crack 
growth.  The  idemity  and  intensity  of  the  endued  atomic  and  molecular  species  ate  expected  to  reflect  the  nature  of  the 
bond  breaking  processes  associated  with  firacture. 

In  this  work  we  focus  on  PIE,  which  is  efficiendy  detected  as  no  intermediate  ionization  step  is  required  for 

charged  particles.  PIE  measurements  are  readily  made  on  tunes  scales  small  reladve  to  the  duradon  of  fracture. 

Further,  as  we  shall  show,  dme-of-flight  techniques  and  quadrupole  mass  spectroscopy  can  be  used  to  idendfy  the 
emitted  ions.  We  have  observed  reladveiy  Intense  PIE  during  fracture  which  we  attribute  to  Si^,  SiO^,  and  Si^O^. 

We  propose  that  mecharucal  bond  scissions  are  responsible  for  their  creadon.  The  ability  of  fused  silica  to  deform  by 
the  rotation  and  elongation  of  its  tetrahedral  units  may  facilitate  these  scissions.  A  relatively  weak  PIE  signal 
attributed  to  persists  long  after  fracture.  We  attribute  this  post-emission  to  electron  stimulated  desorption. 
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II.  EXPERIMENT 

Flame  fiiaed,  synthetic  silica  ingot  and  rod  (Suprasil  II)  were  obtained  fiom  Ifeiaeus-Amersil.  Rectangular 
samples,  1.6  x  6  x  12  mm,  were  cut  from  the  ingot  and  mechanically  polished.  The  rod,  nominally  3  mm  in 
diameter,  was  broken  into  12  mm  lengths.  The  samples  were  mounted  in  a  carousel  apparatus  which  allowed  them  to 
be  rotated  into  place  between  a  loading  mechanism  and  the  detectors.  The  carousel  was  mounted  in  a  vacuum  system 
maintained  at  pressures  of  about  10*^  Pa.  The  samples  were  loaded  in  three  point  bend  at  a  rate  of  70  pm/s.  Therod 
samples  were  significantly  stronger  than  the  plate  samples  due  to  their  surface  finish,  and  generally  yielded  much 
more  intense  PIE. 

Total  PIE  measurements  were  made  with  a  Galileo  Electro-Optics  4039  Channeltron  electron  multiplier 
(CEM)  mounted  about  10  mm  in  front  of  the  tensile  surface  of  the  sample.  The  voltage  on  the  front  cone  of  the 
CEM  ranged  from -SOO  V  to -3000  V,  with  a  constant  potential  diRerence  maintained  between  the  front  and  back.  A 
large  increase  in  the  observed  signal  with  increasing  bias  ventage  indicated  that  the  signal  was  almost  entirely  due  to 
positive  ions,  rather  than  high  energy  electrons  or  excited  neutral  molecules.  Intense  PIE  was  also  observed  in 

4 

previous  experiments  with  a  physical  barrier  between  the  sample  and  the  CEM  which  proved  conclusively  that 
positive  ions  were  indeed  emitted. 

A  dme-of-flight  (TOF)  tube  and  a  quadrupole  mass  spectrometer  (QMS)  were  used  to  identify  the  masses  of 
the  emitted  ions.  The  TOF  studies  utilized  a  2S.4  cm  flight  tube  mounted  7  mm  in  front  of  the  samples'  tensile 
surface.  A  CEM  mounted  behind  the  tube  detected  the  ions.  The  voltage  on  the  flight  uibe  was  varied  from  -  1(X)  V 
to  -5000  V.  The  front  cone  of  the  CEM  was  maintained  at  a  potential  at  least  KXX)  V  below  that  of  the  flight  tube. 
At  flight  tube  voltages  less  negative  than  -  KXX)  V,  plate  samples  did  not  yield  sufficient  intensities  for  mass 
determination.  Rod  samples  yielded  sufficient  PIE  intensities  for  mass  determination  at  flight  tube  voltages  up  to 
-  1(X)  V.  The  duration  of  fracture  resulted  in  large  timing  uncertainties  (~1  ps),  so  that  the  longer  flight  times 
associated  with  less  negative  potentials  were  desirable. 

In  artier  to  confirm  the  mass  identifications  and  to  examine  the  time  distributions  of  the  individual  mass 
peaks,  PIE  measurements  were  made  with  the  QMS.  The  entrance  to  the  QMS  was  about  2S  mm  from  the  tensile 
face  of  the  sample.  To  provide  for  efficient  ion  collection,  the  ionizer  was  removed  and  replaced  by  a  short  flight  tube 
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maintained  at  -2300  V  and  mounted  between  the  sample  and  the  spectrometer.  In  the  presence  of  the  resulting  electric 
Reid,  the  electrostatic  potential  energy  of  ions  emitted  from  the  sample  was  below  system  ground.  Detection  of  these 
iota  required  that  the  flight  path  through  the  quadrupoie  be  maintained  at  a  negative  potential.  Therefore,  the  QMS 
focus  plate  and  rods  were  Boated  at  a  DC  potential  of  -280  V.  The  QMS  backplate,  which  was  normally  grounded  to 
the  vacuum  system,  had  to  be  removed.  To  further  increase  the  detection  efficiency,  a  focus  plate  with  a  large,  12 
mm  diameter  aperture  was  used  at  the  entrance  to  the  mass  filter.  The  resolution  of  the  QMS  was  tested  using  a  W 
Rlament  containing  alkali  metal  (heating  it  produces  kxis  by  surface  ionization)  mounted  in  front  of  the  flight 
tube.  The  width  of  the  mass  39  (K*^)  peak  was  about  ±2  AMU. 

Simultaneous  phE  and  mechanical  load  measurements  were  made  during  each  of  the  above  experiments.  An 
EMI  Gencom  9924QB  photomultiplier  mbe  mounted  about  30  mm  to  one  side  of  the  sample  was  used  to  monitor 
ph£.  Despite  the  fairiy  poor  detecdon  geometry,  the  photomultiplier  uibe  had  to  be  operated  at  low  gains  to  avoid 
saturadoa  The  phE  measurements  provided  an  accurate  time  reference  reladve  to  the  inidadon  and  cmnpletion  of 
fracture.  Load  measurements  were  made  with  a  Kisder  9202  quartz  transducer  mounted  inside  the  vacuum  system 
behind  the  loading  device. 

The  CEM  and  photomuldplier  tube  ouqnits  were  ampURed.  then  digitized  at  10  ns  intervals  using  a  LeCroy 
data  acquisition  system.  The  force  measurements  were  digitized  at  I  ps  intervals.  The  data  were  acquired 
continuously  during  loading,  the  new  data  being  stored  in  place  the  old  at  regular  intervals.  The  load  signal  was 
differentiated  and  the  resulting  rapid  load  drop  at  Racture  was  used  to  stop  the  digitizers. 


III.  RESULTS 


The  total  PIE  and  ph£  from  a  strong  plate  sample  is  shown  in  Ftg.  I.  In  this  and  subsequent 
Rgures,  the  time  scale  indicates  the  time  relative  to  the  onset  of  phE.  The  onset  of  phE  is  an  excellent  indication  of 
the  onset  of  catastrophic  crack  growth.  At  these  PIE  intotsities,  the  CEM  gain  is  decidedly  nonlinear.  However,  the 
CEM  output  still  reRects  changes  in  PIE  intensity  as  evidenced  by  occasional  peaks  in  the  decay,  often  associated 
with  phE  peaks.  Accounting  for  the  TOP,  the  PIE  intensity  generally  rises  until  the  phE  curve  reaches  its  shoulder. 
Experience  suggests  that  in  plate  samples,  the  phE  shoulder  is  associated  with  major  changes  in  crack  propagation. 
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such  as  the  airival  at  the  main  crack  at  the  end  of  the  sample.  phE  immediately  following  the  shoulder  is  often  due  to 
branch  cracks  which  continue  to  propagate  briefly  after  the  main  crack  completes  its  course.  The  decaying  PIE  in  this 
region  of  the  phE  curve  suggests  that  the  ion  escape  geometry  for  the  crack  branches  is  generally  poor.  Post-firacture 
examinadon  of  the  samples  shows  that  branch  cracks  often  do  not  extend  through  the  entiie  thickness  of  the  sample. 
Peak  ion  emission  generally  occurs  as  the  main  crack  branch  completes  its  path  though  the  sample.  A  decaying, 
intense  emission  persists  for  several  ps.  We  have  observed  similar  behavior  in  PIE  from  the  future  of  a  brittle 
epoxy Fracture  of  some  silica  samples  showed  intense  oscillations  in  PIE  intensity  during  the  initial  rise,  which 
we  attribute  to  rapid  variations  in  crack  velocity. 

Figure  2  shows  a  TOP  record  taken  with  -SOOO  V  on  the  flight  tube.  The  indicated  mass  identifications  were 
made  on  the  basis  of  a  number  of  TOF  measurements  made  at  various  flight  tube  voltages.  The  high  collection 
efficiencies  at  -SOUO  V  result  in  more  reproducible  results  thmi  measurements  at  less  negative  voltages.  This  curve 
shows  some  early  spikes  which  we  associate  with  mass  16.  Comparing  the  measured  TOFs  with  those  predicted  for 
species  native  to  fused  silica,  we  identified  the  major  emissions  with  the  foUowing  masses: 


Mass  16 

0^ 

Mass  28 

Si'^ 

Mass  44 

SiO^ 

Mass  72 

Si/ 

The  intensities  of  the  lower  mass  peaks,  especially  that  of  mass  16,  were  greatly  enhanced  at  the  more  negative  flight 
tube  potentials.  This  is  presumably  due  to  better  detection  efficiencies  at  the  more  negative  potentials. 

The  width  of  the  peaks  in  the  TOF  record  is  on  the  order  of  400  ns,  much  less  than  the  duration  of  the 
fracture  event.  PIE  measurements  with  various  ion  optics  suggest  that  the  angular  distribution  of  ion  velocities  from 
plate  samples  is  a  strong  function  of  time  during  fracture.  Using  the  calculated  TOFs  and  the  mass  assignments 
shown  in  Fig.  2,  the  time  of  ion  emission  is  found  to  coincide  with  the  shoulder  in  the  phE  curve.  This  was 
observed  in  the  majority  of  experiments  at  high  flight  tube  voltages,  and  suggests  that  the  detected  ions  were  emiaed 
at  the  completion  of  hracuae  along  the  tensile  side. 

The  absolute  uncertainty  of  these  mass  determinations  is  rather  high,  -6  AMU  in  the  mass  region  of 
interest  This  is  largely  due  to  the  large  uncertainty  in  the  time  of  ion  emission,  about  1  ps.  The  uncertainty  in  the 
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atiival  times  of  the  mass  peaks,  however,  is  much  less,  about  0.2  ps.  Once  a  consistent  set  of  mass  assignments 
was  made,  compariaon  of  spectra  taken  at  different  tube  voltages  allowed  reduction  of  the  uncertainty  in  the  relative 
masses  to  1*2  AMU.  In  order  to  resolve  the  ambiguity  in  our  TOF  mass  determinations,  we  performed  QMS 
measurements. 

PIE  measurements  made  with  the  QMS  confirined  the  existence  of  emission  at  masses  16, 28. 44,  and  72 
AMU.  Figure  3  shows  phE  and  PIE  signals  observed  at  masses  44  and  72.  These  signals  are  among  the  most 
intense  we  observed.  At  their  peaks,  the  CEM  is  again  saturated.  The  duration  of  PIE  at  these  masses  is  similar  to 
the  duration  of  the  major  portion  of  the  phE  peak.  Although  the  complex  km  optics  of  the  system  make  TOF 
calculations  difficult,  the  more  intense  signals  show  a  consistent  trend  in  TOF,  as  shown  in  Fg,  3. 

The  bulk  of  the  emission  at  mass  16  consisted  of  single  counts.  In  contrast  to  PIE  at  other  masses,  counts 
were  often  observed  10's  and  sometimes  lOO's  of  |is  after  fracture.  The  mass  resolution  of  the  quadnipole  appeared  to 
be  significantly  lower  in  the  region  of  mass  16.  As  the  resolution  of  the  quadnipole  is  a  fimction  of  ion  energy,  this 
could  be  explained  if  the  kinetic  energy  of  the  mass  16  emission  were  significantly  greater  than  that  of  the  more 
massive  kms.  The  mass  16  TOF  through  the  QMS  is  also  consistent  with  higher  kinetic  energies  relative  to  the 
other  masses. 

Measurements  at  masses  32  and  60  were  not  convincing.  Some  emission  was  occasionally  observed  at  mass 
60,  but  the  observed  TOFs  suggest  that  these  signals  were  due  to  intense  PIE  of  mass  44  and  72.  By  far  the  most 
intense  emission  observed  was  that  of  mass  44.  corresponding  to  the  emission  of  SiO^. 

IV.  DISCUSSION 


The  observed  PIE  at  masses  16, 28. 44,  and  72  AMU  are  readily  identified  with  O^,  Si^,  SiO^,  and  Si^O^, 
respectively.  In  earlier  work,  we  observed  electron  stimulated  desorption  (ESD)  of  O^  from  Si02  at  incident  electron 

energies  of  1  keV.^  This  emission  is  also  expected  on  theoretical  grounds.^  Each  of  the  Si-containing  ions  has  been 

g 

observed  in  Secondary  Ion  Mass  Spectroscopy  (SIMS)  studies  of  thin  Si02  films.  Significantly,  signals 
corresponding  to  02^.  Si02^,  and  SiO^^  were  not  observed,  either  in  the  SIMS  work  or  in  ours. 
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The  bulk  of  emisskn  is  most  likely  the  result  of  ESD.  Previous  work  has  shown  that  intense,  long 
lived  phE  and  electron  emissioa  (EE)  accompany  the  fiacnire  of  fused  silica.  These  emissions  can  persist  for  lO's  of 

4 

seconds.  Data  taken  on  shatter  dme  scales  indkaie  that  PIE  persists  at  least  100’s  of  ms  after  ftacture,  with  a  decay 
similar  in  fotm  to  that  of  EE.  It  is  reasonable  to  expect  that  the  ftesh  ftacture  surfaces  experience  intense  electron 
bombardment,  particularly  if  the  fracture  surfaces  are  locally  charged.  Although  the  intensity  of  O'**  emission  is 
apparendy  rather  low  during  fracture,  it  is  the  only  species  repeatedly  observed  well  after  fracoire.  We  believe  that  the 
long  lived  PIE  emission  observed  in  previous  work  on  Si02  is  due  to  ESD  of  O^.  However,  we  cannot  rule  out  that 
during  fracture,  production  may  involve  another  mechanism. 

The  production  of  locally  charged  surfaces  during  the  fracture  of  an  amorphous  material  is  not  necessarily 
expected,  and  deserves  further  investigation.  Locally  charged  surfaces  would  not  only  provide  for  intense  electron 
bombardment,  but  would  also  result  in  the  acceleration  of  desorbed  positive  ions.  This  acceleration  would  result  in 
ions  with  kinetic  energies  larger  than  expected  on  the  basis  of  the  applied  electric  field.  This  is  consistent  with 
our  observations  of  an  unusually  low  QMS  TOP  at  mass  16. 

The  emissioa  of  sdicon  containing  ions  requires  multiple  bond  breaking.  The  large  free  volume  of  fused 

silica  is  associated  with  some  unusual  degrea  of  freedom  which  favor  mechanical  bond  breaking.  The  silica  structure 

may  be  viewed  as  a  network  of  interconnected  silica  tetrahedra,  each  with  a  Si  atom  in  the  center  and  O  atoms  at  the 

fourcomers.  Each  tetrahedron  is  thus  normally  joined  to  four  others  at  the  corners.  These  tetrahedra  fmm  a  network 

of  five  to  seven  member  rings.  A  considerable  variation  in  Si-O  bond  angle  is  noted  in  silica  even  in  the  absence  of 

applied  stress.  Silica  deforms  by  the  rotation  and  stretching  of  the  tetrahedra  making  up  the  rings.  These  deformation 

modes  ate  associated  with  the  unusual  behavior  of  silica  and  other  ’anomalous’  glasses  under  high  pressures  as  well  as 
9  10 

fracture.  ’  As  the  structure  is  not  periodic,  the  distribution  of  stresses  among  the  bonds  near  a  crack  tip  may  vary 
considerably. 

One  possible  sequence  of  deformation  and  bond  breaking  is  schematically  presented  in  Fig.  4.  Consider  a 
silica  tetiahedfon  near  the  crack  tip,  oriented  such  that  two  adjacent  tetrahedra  are  on  one  side  of  the  crack  tip  and  two 
on  the  other.  As  the  stress  increases,  the  tetrahedron  at  the  tip  will  rotate  to  minimize  the  stress  on  the  most  highly 
strained  pair  of  bonds,  as  shown  in  Fig.  4(a).  For  the  sake  of  clarity,  these  motions  have  been  grossly  exaggerated. 
Eventually,  one  of  these  bonds  will  break,  and  the  tetrahedron  will  reorient  so  as  to  minimize  the  stress  on  the  next 
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most  highly  stnined  pair  of  bonds,  as  shown  in  Figs.  4(b)  and  (c).  In  most  cases,  Gractuie  will  be  complete  with  the 
next  broken  bond,  as  two  tetrahedraon  one  side  of  the  crack  will  be  palling  against  the  one  remaining  bond  on  the 
other  side.  However,  the  geometry  of  the  lattice  may  occasionally  favor  the  breaking  of  a  bond  on  the  strong  side,  as 
shown  in  IHg.  4(d).  Another  rotation  will  precede  the  scission  of  one  of  the  remaining  bonds,  shown  in  Fig.  4(e). 
Thus  in  some  cases,  fracture  can  produce  silica  tetrahedra  with  three  broken  bonds.  Ion  emission  and  subsequent 
escape  requires  one  more  broken  bond,  as  indicated  in  Hg.  4(0.  Depending  upon  where  the  comer  oxygen  atoms  go, 
the  resulting  species  would  be  Si^  or  a  polyatomic  ion. 

Several  &cttxs  may  enhance  the  probability  of  multiple  bond  breaking  at  the  crack  tip.  Spatial 
nonunif<»mities  in  stress  have  already  been  noted.  Phonon  interactions  can  result  in  temporal  variations,  although  it 
may  be  conceptually  easier  to  view  these  as  simple  coHisimis  or  thermal  effects.  The  scission  of  nearby  bonds  are 
expected  to  result  in  vibrationally  and  rotationally  excited  states.  The  breaking  of  the  last  bond  may  involve  a 
mechanical,  whiplash-Uke  effect  Due  to  the  high  probability  of  reaction  with  nearby  dangling  bonds,  the  last  bond 
must  be  broken  quickly,  say  within  a  few  periods  of  molecular  vibration. 

Haneman  and  Lagally^^  have  recendy  proposed  that  the  cleavage  of  crystalline  Si  along  (1 1 1)  planes 
involves  the  scission  of  three  bonds  per  surface  atom.  They  suggest  that  Si  bonds  are  more  likely  to  break  in  a  shear 
mode  than  in  a  longitudinal  mode;  that  is,  silicon  bonds  oriented  parallel  to  the  applied  stress  can  accommodate  higher 
stresses  than  bonds  oriented  along  other  directions.  This  tendeicy  reflects  the  highly  directional  character  of  the 
covalent  bonds.  In  crystalline  Si,  the  broken  bonds  reform  with  nearby  atoms  on  the  fracture  surface,  i.e.,  the  surface 
reconstructs.  We  propose  that  Si-O-Si  bonds  in  silica  respond  similarly  to  applied  stresses  and  that  the  disorder  of  the 
silica  lattice  hinders  the  immediate  reforming  of  multiple  broken  bonds,  thus  allowing  emission  of  Si-containing 
species. 

Such  processes  could  account  for  the  production  of  free  Si'*',  SiO*,  Si02^,  SiO^'*',  and  perhaps  SiO^'*’ 
during  fracture.  The  apparent  lack  of  SiO^'*’  for  n>l  may  be  due  to  the  lack  of  appropriate  bond  breaking  sequences  to 

form  these  fragments.  However,  their  absence  in  fracio-emission  may  be  for  the  same  reason  they  are  absent  in  the 

g 

SIMS  observations,  which  we  assume  is  due  to  electronic  instabilities  in  these  particular  ions.  In  preliminary  work, 
we  have  shown  that  negative  ions  are  also  emitted  during  fracture.  Since  a  number  of  negatively  charged,  larger  mass 
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fragments  are  seen  in  SIMS  spectra,  we  are  encouraged  to  investigate  the  identity  of  these  negative  ions  in  the  near 
future. 

Mass  72  emission,  due  to  Si20^,  could  conceivabiy  take  place  by  a  more  convoluted  process  similar  to  that 

shown  in  Hg.  4.  Simple  computer  simulations  of  fracture  in  two  dimensionai  triangular  lattices  with  randomly 

12 

placed  defects  can  yield  shon  chains  of  atoms.  Although  these  models  are  suspect  once  bond  breaking  begins,  the 
sequence  of  bond  breaking,  deformation,  and  subsequent  bond  breaking  is  similar  to  that  proposed  here.  A  muldpie 

bond  breaking  process  such  as  that  proposed  by  Haneman  and  Lagally  for  the  fracture  of  Si  may  enhance  the 

4*  S 

probability  of  Si20  emission  markedly.  Si^O'*'  is  observed  in  SIMS  studies  of  glass  surfaces,  suggesting  that 

detection  is  not  hindered  by  electronic  instability. 

Although  the  energy  required  for  PIE  during  fracture  is  a  very  small  fraction  of  the  fracture  energy,  the 
emission  itself  is  indicative  of  highly  dissipative  processes.  The  mechanical  relaxation  following  bond  breaking  in 
this  mode  should  be  quite  dissipative.  This  mechaiusm  for  energy  dissipation  is  much  mme  localized  than  the  shear 
deformations  displayed  by  the  ’normal'  glasses  and  many  crystalline  materials.  This  would  help  explain  the  intense 

4 

phE  and  EE  accompanying  the  fracture  of  fused  silica,  relative  to  that  of  sodium  tiisilicate  glass.  The  rotational  and 

stretching  modes  of  deformation  in  fused  silica  may  accommodate  large  local  strains  prior  to  the  final  bond  scission, 

which  may  contribute  to  the  experimentally  observed  fracture  energy  of  silica.  The  fracture  energy  of  fused  silica  is 

13 

much  higher  than  the  estimated  energy  of  free  surface  formation. 

V.  CONCLUSIONS 


We  have  observed  the  emission  of  O^,  Si^,  SiO^,  and  Si20^  accompanying  the  fracture  of  fused  silica. 

SiO^  is  the  domituuit  positive  ion  species.  10  ps  after  fracture,  only  O^  was  observed,  suggesting  that  the  long 
lasting  PIE  reported  in  earlier  work  is  due  to  O^.  ESD  cat  account  for  the  persistent  emission  of  O^.  The  other 
species  are  emitted  during  the  fracture  event  itself.  We  propose  that  the  emission  of  the  silicon  containing  species 
involves  a  series  of  mechanical  bond  scissions.  The  unusual  deformation  modes  exhibited  by  fused  silica  and  other 
anomalous  glasses  may  facilitate  this  bond  scission. 
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Photon  and  panicle  emission  dining  finacture  reflect  various  aspects  of  the  fracture  process  and  the  resulting 
surfaces.  In  this  shidy  photon  emission  was  used  to  marie  the  overall  progress  of  fracture.  The  bond  breaking  activity 
requiied  for  the  production  of  silicon  containing  species  suggests  an  unusually  high  degree  of  molecular  motion  at  the 
crack  tip,  which  may  contribute  to  the  fracture  energy.  The  proposed  ESD  of  O*  would  require  the  production  of 
charged  suifoces  during  fracture.  Our  measurements  indicate  that  there  are  a  number  of  interesting  phenomena 
occurring  at  or  near  the  crack  tip  and  on  the  newly  formed  fracture  surfaces  over  a  variety  of  distance  scales  and  over 
interesting  time  ranges  (ns  to  ms).  An  understanding  of  these  processes  will  potentially  lead  to  new  insights  into  the 
fracture  process. 
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FIGURE 
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CAPTIONS 


a)  Total  PIE  and  b)  aocompanying  phEdiirii^tbeftxKtiiie  of  fused  silica.  Tiine  t »  0  has  been 
chosen  to  ::oincide  with  the  initial  rise  in  phE. 

a)  PIE  TOF  data  and  b)  accompanying  phE.  The  airows  in  the  PIE  diagram  indicate  the  calculated 
TOFs  for  the  indicated  masses,  assuming  an  emission  tune  marked  by  the  arrow  in  the  phE 
diagram. 


phE  (bold  lines)  and  mass  selected  PIE  (fuie  lines)  accompanying  firacnue  for  masses  44  and  72. 

Proposed  mechanical  mechanism  for  the  production  of  a  silicon  ion  during  fracture.  No  attempt  has 
been  made  to  accurately  represent  the  bonding  of  the  silicate  tetrahedra  to  the  rest  of  the  silica 


structure. 
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ABSTRACT 


We  examine  the  emission  of  electrons  (EE)  and  p(»itive  ions  (PIE)  from  high  density  polyethylene 
from  tensile  deformation  at  strain  rates  on  the  cvder  of  30%^.  In  particular,  we  focus  on  the  role  of 
small  amounts  of  frictional  effects  on  the  polyiriCT  at  the  edges  of  the  clamps  due  to  slippage  during 
elongadtm.  When  such  slipping  is  eliminated,  the  defonnation<induced  particle  emission  vanishes. 
Thus,  Che  pre-failure  EE  and  PIE  appear  not  to  be  due  to  bond  scissions  occurring  due  to  tensile 
deformation  of  the  polymer  but  to  abrasion  which  occurs  during  this  slipping.  We  discuss  the  role 
of  bond  breaking  during  a)  macroscopic  fracture  (which  produces  a  very  short  burst  of  emission)  and 
b)  during  tribological  loading  (which  produces  intense,  longer  lasting  emission  signals  after 
stimulation). 
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I  INTRODUCTION 

Ftacto-Enussioa  (FE)  is  tbe  emissioa  of  panicles  (e.g..  electrons,  ions,  neutxal  species,  and  photons)  due  to  the 
defonnation  and  fiulure  of  a  maaetiaL  A  number  of  researchers  have  reponed  the  observation  of  charged  particie  emission 
from  tensile  deformation  of  polymers.  Polyakov  and  Krotova^  first  observed  election  emission  (EE)  during  the  extension 
of  Gutta  Percha.  Zakrevsldi  and  Pakhotin^  observed  pre^failure  EE  from  elongation  of  polyethylene,  polyethylene 
teiephthalaie,  polyurethane  rubber,  and  polycaprolactam.  FCurov  et  aL^  observed  pre-failure  EE  from  tensile  deformation 
of  notched,  unfilled  EPD  epoxy.  Fuhrmann  et.  aL^‘®  observed  pre-failure  EE  and  posidve  ion  emission  (PEE)  from  high 
density  polyethylene.  Most  of  these  measurements  were  at  relmively  high  strain  rates  (  5-10  mm/s  fw  initial  sample 
lengths  of  —  20  mm).  This  pre-failure  emissioa  is  sometimes  referred  to  as  mechano-emission. 

An  extremely  important  aspect  of  these  results  is  the  possible  use  of  these  emissions  to  measure  the  rate  of  bond 
breaking  during  the  defonnation  process  prior  to  failure.  Measurements  of  unpaired  spin  densides  as  a  function  of 
deformadon  show  indirectly  that  bond  scissions  are  indeed  occurring  as  the  polymer  is  strained.^  However,  one  must  be 
very  careful  in  determining  the  origin  of  the  fracto-emissions  observed.  We  have  re-examined  the  EE  and  PIE  from  the 
tensile  deformadon  and  fracture  of  high  density  polyethylene  and  found  that  the  observed  emissions  are  veiy’  ser.siuvc  to 
the  type  of  clamps  used  to  transfer  the  load  to  the  sample.  In  this  paper,  we  shall  show  that  for  this  pardcular  material 
the  origin  of  the  pre-emission  is  due  to  fricdonal  loading  of  the  polymer  due  to  minute  amounts  of  slipping  in  the  clamps 
and  accompanying  abrasion  of  the  polymer.  When  slipping  is  eliminated,  a  characteristic,  reproducible  burst  of  emission 
is  observed  coincident  with  fracture,  followed  by  a  fairly  rapid  decay  on  the  order  of  a  few  seconds  in  duradon.  We 
attribute  these  emissions  to  fracture  induced  bond  scissions,  similar  to  those  previously  reported.  In  addition,  we  discuss 
some  of  the  properties  of  the  abrasion-induced  emission,  in  particular  in  terms  of  surface  damage. 
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n  EXPERIMENTAL  ' 

1 

The  high  density  polyethylene  (HDPE)  used  in  this  study  was  a  blown  film  of  BASF  Lupolen  6041.  The  film 
hadacrystallinity  of  86%,  a  density  of  9.6041  and  a  thkkness  of  80*90  lun.  The  samples  were  washed  with  ] 

methanol  before  use  and  straining  was  petfonned  in  the  machine  direction  ttf  the  manufumiring  process.  i 

The  samples  were  cut  to  a  width  of  10  mm  and  placed  in  clamps  with  a  length  of  20  mm  betweoi  the  clamps. 

Unnotched  samples  of  HDPE  were  soained  at  a  constant  rate  until  fracture  at  relatively  high  elongation  rates  of  6  mm/s  or  | 

30%/s. 

1 

Electron  emission  (EE)  and  positive  ion  emission  (PIE)  measurements  were  earned  out  during  the  deformation  i 

and  fracture  of  the  polymer  samples.  The  charged  panicles  were  detected  with  two  channeltron  electron  multipliers 
(CEMs)  with  the  front  cone  biased  at  •t‘300  V  for  collection  of  electrons  and  *2600  V  for  positive  ions,  respectively.  The 
CEMs  produced  fast  (10ns)  pulses  with  approximately  90%  absolute  detection  effrciettcy  for  electrons  and  nearly  100% 
efficiency  for  posidve  ions.  Standard  data  acquisition  techniques  were  used  to  count  and  stt>re  the  pulses  as  a  function  of 
time.  The  background  for  the  EE  and  PEE  was  typically  1  count/s.  ’ 

Two  different  clamping  systems  were  used  for  elongating  the  polymer  samples.  One  system  (A),  shown  in  Fig. 
la,  used  uncoated  metal  clamps  which  compressed  the  sample  ends.  As  we  were  to  discover,  this  system  resulted  in 
minute  amounts  of  slipping,  particularly  at  strain  rates  above  a  few  percent/s.  The  other  system  (B),  shown  in  Fig.  lb,  ^ 

employed  rectangles  of  #600  sandpaper  (very  fine)  insetted  between  the  HDPE  and  the  metal  clamps  with  the  grit  pointing 
towards  the  HDPE.  This  arrangement  resulted  in  firm  gripping  of  the  HDPE  during  the  fast  snaining. 

Because  differences  in  the  emission  behavior  occurred  between  A  and  B  type  clamping  which  we  suspected  was 
due  to  an  tribological  acdon,  we  also  measured  EE  and  PIE  during  abrasion  of  HDPE,  where  the  chosen  abrading  surfaces 
were  a  stainless  steel  razor  blade  and  a  sharp  glass  blade.  This  arrangement  is  shown  in  Fig.  Ic. 

The  onset  of  deformation  and  the  instant  of  fracture  were  determined  by  measuring  the  force  applied  to  the 
sample.  The  force  was  measured  with  a  load  cell  mounted  in  the  load  train  inside  the  vacuum.  The  load  cell  output 
voltage  was  amplified  and  then  recorded  as  a  function  of  time  with  a  digitizer.  The  timing  of  the  start  and  end  of  abrasion 
for  the  blade  abrasion  experiments  was  determined  by  timing  markers  generated  manually  with  a  pulse  generator.  The 
uncertainty  of  determining  the  onset  and  compledon  of  abrasion  was  approximately  0.2  s. 
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m  RESULTS 

Figures  2a  and  2b  show  typical  EE  and  PIE  curves  (intensiues  are  on  log  scales)  from  type  A  (metal)  clamps, 
showing  emission  measured  both  during  and  following  eiongadon.  In  both  the  EE  and  PIE,  we  observe  considerable  pre¬ 
failure  emission  as  weU  as  extensive  after-emission.  This  after-emission  has  been  shown  to  require  substantial  excitation 
of  the  polymer  sur&ce,  frequently  in  the  form  of  high  energy  electron  bombardment  or  electrostatic  discharges.^  It 
involves  a  relaxation  of  high  lying  trapped  charge  carriers  which  are  moinle  at  room  temperanire  and  recombine  at  low 
lying  recombination  centers,  similar  to  a  number  of  thermally  stimulated  luminescence  and  electron  emission 
phenomena.^ 

Figures  3a  and  3b  are  the  same  data  as  Fig.  2  on  an  expanded  time  scale  to  show  in  more  detail  the  EE  and  PIE 
during  deformation.  Fig.  3c  shows  the  corresponding  force  vs  time  curve  plotted  on  the  same  time  scale.  Note  that  there 
is  no  evidence  of  any  drop  in  force  that  correlates  with  the  onset  of  the  pre-failure  emission.  Nevertheless,  visual 
inspection  shows  that  a  small  amount  of  slipping  is  occurring  and  exposing  slighdy  abraded  HDPE  at  the  edge  of  the 
clamp.  When  the  HDPE  under  the  clamps  is  marked  with  a  felt-tip  pen  prior  to  clamping,  then  elongated,  repeatedly,  the 
color  from  the  pen  is  seen  to  extend  for  1-S  mm  away  from  the  clamp  edge. 

When  steps  are  taken  to  prevent  such  slipping,  the  emissions  are  dramadcally  altered.  This  can  be  seen  in 
Figures  4  and  5.  In  Figures  4a  and  4b  we  show  typical  EE  and  PIE  for  type  B  (+  sandpaper)  clamps.  First,  compared 
with  type  A  clamps,  the  total  emission  intensity  is  reduced  considerably.  Furthermore,  the  pre-failure  emission  is 
essentially  gone;  the  major  feaoire  is  the  burst  of  emission  at  failure  and  a  dramatic  reduction  in  the  after-emission.  Fig. 

5  shows  a)  the  EE,  b)  PIE,  and  c)  force  vs  time  curves  for  the  same  test  shown  on  an  expanded  time  scale.  The  pre- 
emission  is  seen  to  be  only  a  few  counts  above  background  (typically  I  count/s).  Also.  Type  B  clamps  yielded  at  most 
sub-millimeter  pullout  when  tested  with  the  felt-tip  pen  as  described  in  the  paragraph  above. 

Table  I  summarizes  the  emission  results  for  nine  samples  for  each  of  the  two  clamping  systems.  In  Table  I,  the 
peak  count  is  the  number  of  charged  panicles  in  the  0.01  s  time  interval  at  fracture,  the  pre-fracnire  count  is  the  number 
of  charged  particies  counted  between  the  onset  of  snaining  and  failure,  and  the  post-fracture  count  is  the  number  of  charged 
panicles  counted  in  the  first  10  seconds  efter  fracture.  One  notices  the  significant  decrease  in  the  number  of  pre- fracture 
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and  post-fracture  counts  when  type  B  (■Mam^aper)  clamps  are  used  instead  of  type  A  clamps.  Although  the  scatter  for 
^ach  category  is  high,  the  di^rences  between  Type  A  and  Type  B  clamping  are  dramatic  and  statistically  significanL  In 
the  case  of  Type  A  clamps,  the  degree  of  damage  due  to  slipping  vaned  from  sample  to  sample,  which  would  produce 
widely  varying  changes  in  the  emission  intensities  both  during  slipping  and  following  fracture.  Nevertheless,  in 
comparing  these  clamping  anangements.  we  observe  differences  oi  over  a  factor  of  100  in  the  pre-^ilure  EE  counts  and 
almost  a  factor  of  20  in  the  pre-failure  PIE.  Equally  dramatic  decreases  in  the  EE  and  PEE  after-emission  are  also  observed 
when  slipping  is  eliminated. 

Equally  effective  in  suppressing  the  pre-emission  frcrni  Type  A  clamps  was  the  use  of  aluminum  foil  wrapped 
around  the  ends  of  the  sample  to  cover  the  region  of  the  sample  that  would  slip  out  of  the  clamps.  In  contrast,  enhanced 
pre-failure  emission  could  be  obtained  by  placing  the  detectors  near  one  of  the  clamps  and/or  tightening  the  clamps  just 
the  right  amount  so  that  the  sample  slips  and  becomes  visibly  damaged  as  it  slips  and  twists  through  them. 

Thus,  we  can  conclude  that  the  prefailure  emission  does  not  originate  from  the  elongation  and  drawing  out  of  the 
HDPE,  nor  does  fracture  of  the  polymer  alone  create  significant  surface  excitation  to  produce  long  lasting  after-emission. 
When  "clean"  fracture  or  catastrophic  failure  of  the  sample  does  occur,  we  do  see  reproducible  bursts  of  EE  and  PIE.  We 
propose  that  these  signals  are  in  feet  due  to  rapid  bond  breaking  accompanying  failure  of  the  polymer.  Although  these 
signals  are  relatively  small,  correlations  with  parameters  which  vary  the  number  of  bonds  broken  during  failure  should  be 
pursued  and  would  yield  very  useful  information.  Tribological  loading  of  the  HDPE  surface  appears  to  be  very  effective 
in  producing  reladvely  intense  EE  and  PEE  both  during  and  following  relative  motion  of  the  surfaces. 

To  test  further  the  concept  that  abrasion  was  responsible  for  these  observed  differences  in  emission  from  HDPE. 
several  abrasion  experiments  were  done.  Rg.  Ic  shows  the  arrangement  of  the  surfeces.  The  HDPE  was  strung  across  a 
sharp  blade  similar  to  a  bow  of  a  violin  and  translated  at  a  speed  of  approximately  1  cm/s.  Figs.  6a  and  6b  show  the  EE 
caused  from  abrading  HDPE  with  a  stainless  steel  razor  blade,  and  Rgs.7a  and  7b  show  the  EE  caused  from  abrading 
HDPE  with  a  sharp  glass  blade,  itself  produced  by  fracture.  It  is  seen  that  when  HDPE  was  abraded  with  either  sharp 
edge,  a  steady  EE  occurs  both  during  abrasion  and  for  minutes  afterwards.  The  damage  done  by  such  abrasion  was  quite 
visible  with  the  naked  eye  and  could  be  classified  as  extensive.  Thus,  although  more  intense  because  of  the  more  severe 
damage,  the  emission  during  and  following  abrasion  of  the  HDPE  is  seen  to  be  very  similar  to  the  EE  and  PEE  caused 
from  straining  a  HDPE  gripped  with  metal  (Type  A)  clamps. 
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The  probable  origin  of  the  ftacto-emission  induced  by  the  thbologicai  loading  during  the  slipping  of  material  out 
firom  under  the  Type  A  clamps  is  the  degree  of  damage  (broken  bonds)  created  by  the  microscopic  abrasion  process.  The 
taCL  rtiat  both  metal  and  g)aM  blades  produced  essentially  identical  results  suggests  that  the  degree  of  damage  to  the 
suifiEce  of  the  polymer  is  the  critical  facux  rather  than  the  type  of  material  doing  the  abrading.  Also  the  amount  of 
Hamag»>  appwwa  to  be  important  since  a  visual  inspection  of  samples  which  slipped  in  the  clamps  showed  that  the  samples 
with  the  intense  EE's  also  had  the  most  visible  damage  in  the  regions  that  slid  from  under  the  clamps. 

IV  CONCLUSION 

When  HDPE  samples  are  held  firmly  and  strained,  pre-failure  EE  and  PIE  are  negligible,  a  burst  of  emission 
occurs  at  the  split  second  of  fracture,  and  the  after  emission  lasts  for  only  a  few  seconds.  However  when  HDPE  samples 
are  not  held  firmly  (particularly  at  high  strain  rates),  for  example  samples  held  only  with  metal  clamps,  easily  detected  EE 
and  PEE  can  occur  during  straining.  This  pre-failure  emission  is  caused  by  small  amounts  of  slipping  of  the  samples 
from  beneath  the  clamps  causing  fairly  localized  abrasion  and  accompanying  excitation  of  the  polymer.  Abrasion 
experiments  with  two  different  materials  (metal  and  glass)  damaging  the  HDPE  support  the  concept  that  abrasion  is  the 
stimulus  for  these  intense  signals.  The  emission  accompanying  failure  is  still  a  possible  tool  for  studying  the  extent  of 
bond  breaking  occurring  during  failure  of  samples  fiimly  gripped.  Furthermore,  the  prospects  of  using  fracto-emission  to 
study  tribological  phenomena  in  polymers  where  damage  to  the  surface  is  of  considerable  interest  are  considerable  and 
worthy  of  further  study.  In  the  near  future  we  hope  to  measure  the  neutral  products  created  during  abrasion  of  HDPE 
while  simultaneously  detecting  the  charged  particle  emission.  I^rticular  neutral  species  may  be  indicative  of  direct  bond 
breaking  (for  an  example,  see  ref.  10)  and  thus  conelate  in  intensity  with  the  charged  particle  FE,  and  provide  support  for 
bond  scissions  created  by  abrasion  being  responsible  for  the  charged  particle  FE. 
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Figure  Captions 

Figure  1.  Schematic  representation  of  sample  arrangements  showing  a)  HDPE  clamped  between  metal  only  (Type 
A)  and  b)  HDPE  clamped  between  small  pieces  of  fine  grit  s^  paper  and  metal.  The  arrangement  for 
abrading  the  HDPE  by  sharp  blades  of  stainless  steel  or  glass  is  shown  in  c). 

Figure  2.  a)  EE  and  b)  PIE  produced  from  the  tensile  deformation  and  fitacture  of  HDPE  using  Type  A  clamps 
(metal  only). 

Figure  3.  The  same  emission  as  Fig.  2  displayed  on  a  faster  time  scale,  a)  EE,  b)  PIE,  and  c)  the  applied  force  vs 
time. 

Figure  4.  a)  EE  and  b)  PIE  produced  from  the  tensile  deformadon  and  hacture  of  HDPE  using  Type  B  clamps 
(metal  sandpaper). 

Figure  5.  The  same  emission  as  Fig.  4  dispiayed  on  a  faster  time  scale,  a)  EE,  b)  PIE,  and  c)  the  applied  force  vs 
time.  Note  the  lack  of  pre-failure  emission. 

Figure  6.  a)  EE  accompanying  and  following  the  abrasion  of  HDPE  with  a  stainless  steel  blade,  and  b)  the  same 
data  showing  electron  emission  during  the  abrasion  on  an  expanded  time  scale. 

F  igure  7.  a)  EE  accompanying  and  following  the  abrasion  of  HDPE  with  a  sharp  glass  blade,  and  b)  the  same  data 
sinwing  electron  emission  during  the  abrasion  on  an  expanded  time  s^e. 
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Table  I 


HDPE  EE  and  PIE  Counts  from  Two  Different  Sample  Clamping  Systems 


EE  Cannta _ pie 


peak 

pre- 

free 

post* 

frac 

peak 

pre* 

frac 

post- 

frac 

Type  A 

370 

6040 

54000 

160 

720 

5500 

Clamps 

±130 

±2400 

±25000 

±90 

±400 

±4500 

Type  B 


Clamps 

640 

65 

250 

290 

40 

40 

(■••Sand* 

paper  ) 

±210 

±20 

±90 

±70 

±10 

±16 

Sandpaper 


b)  Type  B  Sample  Clamp 


c)  Direct  Abrasion  of  HOPE  pio  i 
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Electron  Emission  During  Abrasion  of  High  Density  Polyethylene 
With  a  Stainless  Steel  Razor  Blade 


Electron  Emission  Daring  and  Following  Abrasion  or  HDPE 
With  a  Sharp  Glass  Blade 


1 1 
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of  Abrasion 


Time  (s) 


Electron  Emission  During  Abrasion  of  High  Density  Polyethylene 
With  a  Sharp  Glass  Blade 


m 
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Start 
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XVI.  The  ioteraction  of  excimer  laser  oltravioiet  radiatioa 
with  KAPTON'H  in  vacnam  and  under  mechanical  stress 


K.  Tonyali,  L.  C.  Jensen,  and  J.  T.  Dickinson,  Department  of  Physics,  Washington  State 
University.  Pnllman,  WA  991(4-2814 


We  examine  the  response  of  highly  stressed  polyimide  films  to  excimer  laser 
radiation  (20  ns  pulses  @  248  nm  wavelength)  in  vacuum.  We  present  changes 
in  surface  topogn^)hy  due  to  surface/near  surface  damage,  crack  initiation,  and 
eventually  crack  ^wth  over  a  wide  range  of  applied  stress.  We  show  that  the 
morphology  of  the  stressed  material  has  a  significant  influence  on  the  resulting 
damage  and  suggest  that  the  regions  of  highest  damage  are  those  experiencing 
the  highest  local  stress.  Finally,  we  present  initial  results  on  the  effect  of 
mechanical  stress  on  yields  of  the  photo-ablation  products  ejected  from  the 
polymer  surface. 


I.  INTRODUCTION 

The  interaction  of  polymers  and  their  composites  with  energetic  particles  and 

photons  has  been  an  area  of  interest  for  many  years.  In  environments  involving 

energetic  electrons,  ions,  and  ultraviolet  (UV)  radiation,  a  number  of  damage  processes 

can  occur  which  may  modify  the  properties  of  polymers  and  result  in  surface  damage 

1-8 

and  the  deterioration  of  mechanical  properties.  These  harmful  environments  include 
space,  various  plasmas,  and  solid  rocket  propellents  during  burning.  Beneficial 
applications  of  radiation/polymer  interactions  include  applications  regarding  controlled 
direct  rupture  of  bonds,  e.g.  controlled  cutting  and  shaping  of  materials,  as  well  as 
roughening  and  chemical  modification  of  surfaces  in  preparation  fa*  applying  coatings, 
adhesive  bonding,  etc.  Finally,  the  use  of  polymers  as  sensitive  resist  materials  in  the 
microelectronics  industry  and  the  use  of  excimer  lasers  for  surgical  removal  of  tissue  has 
encouraged  additional  studies  of  intense  photon  interactions  with  organic  materials. 

We  have  previously  reported  on  the  consequences  of  simultaneously  subjecting 
polymers  to  tensile  stress  and  particle  bombardment,  principally  electrons.  In  such 
studies  and  the  present  work  we  are  examining  the  resultant  damage  mechanisms  as  well 
as  a  unique  probe  of  fracture.  We  have  shown,  for  example,  that  crack  initiation  and 
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crack  growth  in  stressed  polymers  were  greatly  enhanced  by  electron  beam  irradiation. 

We  have  proposed  that  damage  formation  and  microcracking  via  enhanced,  irreversible 
bond  breaking  are  the  main  contributors  to  die  failure  of  polymers  under  these  combined 
stimuli  Furthermore,  we  have  suggested  that  there  is  a  localization  of  excitation 
produced  by  electron  collisions  with  stressed  molecular  bonds  which  promotes  this 
irreversible  bond  breaking. 

Very  recently,  we  have  replied  on  the  surface  damage  and  crack  initiation 
process  which  occurs  when  another  radiation  source,  namely  short  pulses  of  UV  laser 
light  were  applied  to  stressed  Kapton-H  (a  polyimide  produced  by  E.  I.  Dupont  de 

g 

Nemours  &  Co.)  in  air  at  1  atmosphere.  Short  pulses  of  UV  light  are  known  to  cause 

9-17 

photochemical  bond  scissions  as  well  as  thermal  excitation  in  polymers.  This  type 
of  radiation  has  been  shown  to  cleanly  etch  a  number  of  polymers  such  as  polyimide  and 
poiy(methyl  methacrylate)  at  excimer  wavelengths  (e.g.,  193  nm  and  248  nm).  Under 
the  action  of  UV  laser  radiation,  bond  scissions  occur  breaking  molecular  chains,  and 
atomic  and  molecular  fragments  are  ejected  from  the  surface  at  supersonic  velocities. 

This  process  has  been  termed  ablative  photodecomposition  by  Sirinivasan  and 
coworkers.^' 

In  this  paper,  we  study  the  mechanical  response  of  Kapton-H  films  subjected  to  mechanical 
stress  and  248  nm  pulsed  UV  excimer  laser  radiation  simultaneously  in  vacuum.  Scanning 
electron  microscopic  investigation  of  radiation  exposed  surfaces  of  stressed/unstressed  samples  are 
presented,  and  crack  initiation  and  growth  mechanisms  are  discussed.  In  addition,  initial  results  on 
the  effect  of  mechanical  deformation  on  the  yields  of  the  photoablation  products  ejected  from  the 
polymer  surface  are  presented. 


II.  EXPERIMENTAL 
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A  Lambda  Physik  model  EMG-203  MSC  Excimer  Laser  producing  20  ns  pulses  at  248  nm 

wavelength  (KrF)  was  used  as  a  radiation  source.  The  laser  power  was  measured  using  a  Gentec 

ED-500  Joulemeter.  The  laser  pulse  repetition  rate  was  maintained  at  1  Hz  during  nxsst  of  the 

experiments.  The  laser  beam  was  incident  to  the  sample  at  34  degrees  (relative  to  the  surface 

nonnal).  The  laser  beam  was  focused  by  a  1  meter  focal  length  lens  to  produce  a  0.7  mm  x  3.5 

2 

mm  rectangular  beam  with  a  maximum  fluence  of  3.5  J/cm  at  the  sample.  Neutral  density  filters 
were  used  to  reduce  the  fluence  by  calibrated  amounts.  The  beam  profile  was  examined  by 
burning  patterns  into  unexposed,  developed  Polaroid  film.  The  beam  was  generally  uniform  in  the 
central  portion  but  showed  some  irregularities  on  the  edges  due  to  slight  misalignment  of  the 
optical  components. 

Typical  sample  dimensions  were  75 /im  x  8  mm  x  30  mm  produced  by  cutting  specimens 
from  commercial  films  of  Kapton-H  (Dupont).  Occasionally  dogbone  samples  were  cut  to  produce 
localization  of  the  strain  to  the  central  portion  of  the  specimen.  No  surface  treatment  was 
performed  prior  to  mounting  the  specimens  in  the  vacuum  chamber.  The  samples  were  loaded  in  a 
tensile  stress-strain  apparatus  to  a  constant  strain.  The  applied  load,  measured  with  a  Sensotec 
Model  1 1  load  cell,  was  digitized  vs  time  using  a  LeOoy  Data  Acquisition  System  and  stored  on 
disk  for  later  analysis.  Strain  was  measured  in  an  engineering  sense,  namely  through 
measurements  of  the  separation  of  the  grips.  All  tests  were  carried  out  at  a  pressure  of  10'^  Pa  at 
ambient  temperature.  The  penetration  depth  of  Kapton-H  at  248  nm  wavelength  is  0.06  um  (95% 
absorption). 

Fractured  and  exposed  specimens  were  coated  with  a  3(X)  -  gold  film  prior  to  examination 
in  a  scanning  electron  microscope  (SEM).  A  20  keV  election  beam  voltage  was  used  for  the  SEM 
analysis. 

Three  very  simple,  but  slighdy  different  particle  detector  arrangements  were  used  in  the 


ablation  produa  experiments: 
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1.  Total  Neutral  Emission  Detector.  This  detector  consisted  of  a  commercial  mass 
spectrometer  ionizer  [EAI  Model  150A  quadrupole  mass  spectrometa]  mounted  in  front  of  a 
channel  electron  multiplier  (CEM),  Galileo  Electro-Opdcs  \fodel  4039.  Appropriate  potentials 
focused  the  positive  ions  onto  the  hront  cone  of  the  CEM  which  was  located  out  of  sight  of  the 
irradiated  surface.  The  distance  finm  the  surface  to  die  center  of  the  icMiizer  was  5  cm.  The 
electron  emissitHi  current  in  the  ionizer  was  typically  10  uA  to  prevent  saturation  of  the  high  gain 
CEM.  Ionizer  and  CEM  potentials  inhibit  detection  of  externally  created  charged  particles. 

2 .  Excited  Neutral  Emission  Deteaor.  This  detector  consisted  of  a  bare  CEM  mounted  inside 
of  a  metal  box  whe  ^he  cone  of  the  CEM  was  9  cm  from  the  irradiated  portion  of  the  sample. 
Charged  particles  were  deflected  with  plates  mounted  near  the  sample.  The  observed  signals,  due 
to  the  de-excitadon  of  excited  neutral  species  (e.g.,  involving  long  lived  metastable  or  Rydberg 
states),  were  usually  pulse  counted. 

3 .  Charged  Panicle  Emission  Detector.  This  deteaor  consisted  of  a  CEM  mounted  in  the  rear 
of  a  metal  box  such  that  the  cone  of  the  CEM  was  out  of  sight  of  the  irradiated  portion  of  the 
sample.  Neutral  particles  could  pass  directly  through  grid-covered  entrance  and  exit  holes  in  line 
with  the  surface  normal.  An  attractive  ,  potential  would  attract  charged  particles  of  the  opposite 
sign  to  the  cone  of  the  CEM  yielding  pulses  which  could  be  counted  or  digitized.  Electrons,  which 
arrived  in  times  less  than  1  us,  were  digitized  at  5  ns  intervals. 

In  addition,  several  mass  selected  time-of-flight  (TOP)  measurements  were  made  using  a 
quadrupole  mass  spectrometer;  most  of  these  results  will  be  reported  elsewhere. 

For  each  of  the  above  deteaor  anangements  we  could  use  either  pulse  counting  (with  1  ^s 
minimum  time  resolution)  or  signal  averaging  (with  S  ns  minimum  time  resolution).  The  output  of 
a  photodiode  sensing  pan  of  the  laser  light  was  used  as  a  trigger  pulse.  Time  delays,  when 
important,  were  measured  to  5  ns  precision.  Ablation  products  were  typically  averaged  or  summed 
over  25-50  laser  pulses. 

III.  RESULTS  AND  DISCUSSION 
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As  expected,  the  stress-strain  curves  for  Kapton-H  show  inelastic  behavior  at  high  strains. 
The  initial  part  of  the  stress-strain  curve  was  linear  with  a  yield  point  at  approximately  10%  strain, 
which  is  not  weU  defined.  After  25%  strain  the  rsue  of  increase  in  the  applied  suess  was 
^proximately  constant  The  deformation  was  reasonably  uniform  without  evidence  of  neck 
formation  until  failure  at  approximately  80%  strait,  and  150  MPa  stress. 

KrF  excimer  laser  bombardment  of  Kapton-H  under  stress  introduced  damage  at  the 
specimen  surface  which  caused  premature  failure.  Figure  1  compares  SEM  photos  of  the 
morphology  of  the  stressed  samples  irradiated  in  air  and  vacuum  under  the  same  conditions.  Both 
specimens  were  strained  to  50%,  and  both  samples  were  bombarded  with  KrF  excimer  laser  pulses 

7 

at  a  fluence  of  2.3  J/cm  at  the  sample  surface.  The  resulting  morphology  of  the  irradiated 
surfaces  under  stress  displays  "hoUowed-out”  regions.  Not  shown  are  micrographs  of  the 
surfaces  of  the  unstressed,  irradiated  samples  and  the  stressed,  unirradiated  samples,  which  were 
both  featureless. 

The  stmctures  produced  on  the  stressed  vacuum  samples  tended  to  be  more  distinct  and 
clean  (Fig.  la)  than  the  structures  produced  in  air  (Fig.  lb).  It  is  also  interesting  to  note  that  the  air 
samples  exhibited  small  grain-like  particles  on  the  exposed  surface.  We  have  suggested 

g 

elsewhere  that  these  particles  are  due  to  the  ledeposition  of  etch  products  on  the  surface  due  to  the 

9 

presence  of  1  atm  of  air.  Under  the  conditions  of  our  experiment,  the  work  of  Lazare  et.al. 
suggests  that  UV  oxidation  of  the  poiyimide  surface  does  not  occur  due  to  the  continual  ablation  of 
fragments  and  therefore  would  not  be  causing  these  protuberances. 

The  opening  of  the  hoUowed-out  structures,  which  are  always  oriented  perpendicular  to  the 
stress  direction,  occurs  along  the  edge  of  the  fracture  surface  possibly  due  to  high  stress  intensity 
in  front  of  the  growing  crack.  These  damaged  regions  stimulate  localized  crack  growth,  eventually 
link,  and  cause  final  failure  of  the  specimen. 

We  have  attributed  the  morphology  which  develops  in  the  stressed,  exposed  samples  to 

g 

inhomogeneous  ablation  caused  by  the  applied  stress.  In  the  unstressed  material,  UV  radiation 
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can  lead  to  diiect  bond  breaking  due  to  electronic  excitations.  We  have  suggested  that 
enhanced,  irreversible  bond  breaking  occurs  at  bonds  under  high  stress  compared  to  molecular 
units  under  lower  stress.  In  addidon,  there  is  evidence  that  the  probability  of  bond  A  breaking  will 
increase  if  a  nearby  bond  B  ruptures,  thereby  producing  an  increase  in  the  strain  field  at  A.  Thus, 
the  presence  of  both  mechanically  deformed  bonds  and  radiation  results  in  a  "synergistic  effect" 
which  does  not  occur  if  one  of  the  stimuli  is  absent  This  highly  localized  damage  that  results  in 
the  formation  of  microcracks  in  a  dense  array  on  the  surface  of  the  polymer.  It  is  this  array  of 
damage  which  leads  to  the  premature  failure  of  Kapton-H  films  under  the  combined  stimuli  of 
tensile  defamation  and  UV  radiation. 

Using  the  various  particle  detector  configurations  described  above,  we  have  made  a 
preliminary  study  of  the  ejected  species  for  both  the  stressed  and  unstressed  Kapton-H  specimens. 
The  types  of  particles  that  have  been  observed  include  the  following:  electrons,  positive  ions, 
negative  ions,  excited  neutrals,  and  ground  state  neutrals.  These  particles  have  been  partially 
characterized  by  use  of  simple  electrostatic  deflection  experiments  and  measured  flight  times  of  the 
particles.  For  example,  any  negative  particle  ejeaed  from  the  surface  with  velocities  higher  than  5 
X  10^  cm/s  is  clearly  an  electron.  Although  the  individual  masses  contributing  to  the  spectra  will 
be  discussed  in  a  future  paper.  Mass  28,  which  we  identify  as  principally  CO,  is  the  primary  etch 
product. 

A  comparison  of  the  TOF  spectra  of  the  stress  dependent  products  shown  in  Fig.  2,  where 
2 

the  laser  fluence  was  0.7  J/cm  .  A  careful  investigation  on  the  production  of  ground  state  neutrals 
and  the  positive  ions  did  not  show  anv  measurable  dependence  on  the  applied  stress. 

In  contrast,  the  excited  neutrals,  negative  ions,  and  electrons  showed  easily  detectable 
increases  when  the  Kapton-H  was  elongated.  For  example.  Fig.  2a  compares  the  TOF  spectra  of 
the  excited  neutrals  from  the  stressed  and  unstressed  samples,  using  the  excited  neutral  emission 
detector.  At  high  stress,  the  excited  neutral  emission  yield  was  a  faaor  of  two  larger  than  the 
emission  from  the  unstressed  Kapton-H.  The  excited  neutrals,  which  will  be  discussed  further  in  a 
later  paper,  are  most  probably  excited  states  of  mass  28,  which  at  this  fluence  would  correspond  to 
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an  average  kinetic  energy  of  0.3  eV.  A  likely  candidate  is  CO  molecules  in  either  the  metastable  a^ir 

state  or  high  n  Rydberg  states.  Chemisorbed  CO  has  been  shown  to  result  in  th»release  of 

metastable  neutral  CO  in  Electron  Stimulated  Desorption  finom  a  metal  surface.  Related 

measurements  in  our  laboratory  show  that  CO  is  the  major  constituent  both  of  the  positive  ion 

emission  and  ground  state  neutral  emission  from  laser  induced  ablation  of  Kapton-H.  Brannon 

20 

et  al.  have  also  identified  CO  in  the  IR  absorption  spectra  of  laser  etched  polyimide  both  in  air 
and  in  vacuum. 

The  excited  neutral  emission  remains  intense  as  ablation  proceeds  through  the  material. 
Although  the  CO  partial  pressure  in  the  system  was  approximately  10'^  Pa,  which  could 
potentially  result  in  the  chemisorption  of  CO  on  the  bombarded  region  of  the  polymer,  the  excited 
neutral  emission  yield  was  found  to  be  independent  of  laser  repetition  rate  (1-250  Hz).  We 
therefore  conclude  that  this  signal  is  in  fact  due  to  the  ablation  process.  It  should  be  pointed  out 
that  per  particle  the  internal  energy  carried  away  from  the  surface  by  these  excited  neutrals  is 
several  eV,  which  is  significant 

Low  resolution  TOP  specu^  for  the  negative  ions  created  during  ablation  are  shown  for 
stressed  and  unstressed  samples  in  Fig.  2b.  The  yield  of  negative  ions  increases  by  a  factor  of  10 
when  the  applied  load  was  75  N  (the  force  at  failure  for  this  sample  size  averaged  84  N). 

The  negative  ion  spectrum  has  a  peak  at  10^  and  a  slower  component  at  approximately  32 
/js.  With  higher  resolution  (longer  flight  path)  TOP  measurements,  we  have  determined  that  the 
major  negative  ion  products  peak  at  40  (.  15)  amu.  Hie  large  uncertainty  is  due  to  the  tendency  of 
the  irradiated  Kapton-H  surface  to  charge  in  the  presence  of  external  electric  fields  (necessary  to 
accelerate  the  ions  to  the  potential  of  the  TOP  flight  tube).  In  Fig.  2b,  the  spectra  of  the  unstressed 
specimens  in  Fig.  2b  appear  flat  because  of  the  scale  chosen  to  show  the  stressed  sample  emission. 
When  expanded,  the  unstressed  TOP  spectrum  has  similar  form  to  the  stressed  TOP  spectrum. 

Copious  photoelectrons  are  produced  from  248  nm  bombardment  of  Kapton.  Typically, 
two  electron  emission  peaks  were  observed  in  the  TOP  spectra  as  illustrated  in  Fig.  2c.  The  data 
were  digitized  using  signal  averaging  of  pulses  at  5  ns  time  intervals  for  50  laser  pulses.  The  effect 


277 


of  applied  stress  on  the  electron  emission  is  shown  in  Fig.  2c  where  three  peaks  are  observed  in 
the  spectra.  The  peak  at  560  ns  is  stationary  in  time  but  the  peak  height  increases  as  the  stress  is 
raised.  The  peak,  which  is  initially  observed  at  165  ns,  diminishes  with  increasing  exposure  time 
and  q>plied  stress.  With  stress,  a  third  peak  appears  at  140  ns.  The  140  ns  peak  increases  with 
both  stress  and  the  number  of  pulses.  In  the  unstressed  specimens  the  peak  at  140  ns  appears  as  a 
small  shoulder  on  the  165  ns  peak. 

These  three  peaks  appear  to  be  distinct,  unique  states.  If  we  assume  no  siurface  charging, 

we  can  calculate  rou^  binding  energies  for  the  electron  contributing  to  these  peaks;  4.9-5.0  eV 

(560  ns),  4.5-4.6  eV  (165  ns),  and  4. 6-4.7  eV  (140  ns),  respectively.  UPS  studies  by  Hahn  et 
21 

al.  of  polyimide  films  show  valence  band  structure  which  range  from  4  to  8  eV.  A  calculated 

22 

density  of  states  by  Bredas  and  Clark  sets  the  Fermi  level  of  polyimide  at  4  eV.  Thus,  the  560 
ns  peak  appears  to  be  due  to  phocoelectrons  from  states  near  the  Fermi  level.  We  attribute  the  peak 
at  165  ns,  which  decays  with  repeated  laser  pulses,  to  filled  defect  states  created  during 
processing.  The  140  ns  peak  is  a  unique  state  created  only  under  the  combination  of  stress  and 
radiation.  We  propose  that  this  state  is  created  by  photodissociation  of  strained  bonds.  The 
dramatic  increase  in  the  140  ns  peak  and  in  the  negative  ion  emission  with  stress  may  well  be  due 
to  a  corresponding  negative  ion  precursor  on  and  near  the  polymer  surface. 

A  graph  of  the  yield  of  the  excited  neutrals,  negative  ions,  and  electrons  vs  stress  is 
presented  in  Rg.  3.  Note  that  the  total  negative  ion  emission  and  the  electron  emission  at  560  ns 
are  highly  stress  dependent  and  follow  similar  trends.  The  electron  peak  at  140  ns  is  inseparable 
from  the  165  ns  peak  at  low  stress  but  we  estimate  that  it  also  increases  by  a  factor  of  eight  in 
increasing  the  stress  to  maximum  load.  The  excited  neutral  emission  was  less  sensitive  to  the 
applied  stress,  but  still  showed  a  reproducible,  constant  increase. 

The  excited  neutral  yield  does  not  follow  the  stress  dependence  of  the  positive  or  negative 
ions  and  thus  does  not  appear  to  be  created  by  reneutralization  of  ions  leaving  the  surface.  Instead, 
it  may  be  created  during  a  recombination  reaction  either  at  the  surface  or  in  the  plume. 
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The  various  emission  components  show  tfieir  strongest  increases  when  the  specimen  is 
loaded  beyond  its  yield  poinL  Kapton-H  displays  high  plastic  deformation  when  stressed  above  its 
yield  point  At  this  stress  level,  polymer  chains  tend  to  align  in  the  stress  directicm  in  an  extended 
conformation.  Such  chains  are  slightly  distorted  regarding  bond  angles  and  interatomic  separations 
which  may  encourage  channeling  photofragments  into  intermediates  which  then  yield  the  increased 
negative  ions,  photoelectrons,  and  high  lying  excited  neutral  products.  Also  to  be  considered  is  the 
possibility  that  the  stressed  bonds  also  might  permit  higher  survival  probabilities  of  these  products 
(i.e.,  inhibiting  reneutralization  and  deexcitation). 

The  lack  of  increase  of  the  ground  state  neutral  emission  and  positive  ion  emission  suggests 
that  these  species  are  predominently  coming  titxn  dissociative  processes  that  are  not  sensitive  to  the 
presence  of  stress.  This  would  be  consistent  with  a  photothermal  process.  Furthermore,  when  we 
look  at  the  time-of-flight  distributions  of  particular  masses  (using  a  quadrupole  mass  spectrometer) 
we  find  that  the  distributions  are  thermal  in  nature  and  independent  of  the  presence  of  stress. 
Possible  linkage  of  positive  ion  production  to  the  ground  state  neutrals  is  at  this  time  not  obvious. 

IV.  CONCLUSION 

In  conclusion,  we  have  presented  preliminary  results  on  the  consequences  of  simultaneous 
application  of  mechanical  stress  and  excimer  laser  radiation  @  248  nm  to  Kapton-H.  We  are 
seeing  clear  evidence  that  such  conditions  create  a  unique,  textured  morphology  on  the  radiation 
exposed  surface.  In  air,  we  have  shown  that  there  are  additional  nodules  on  the  irradiated,  stressed 
specimens  which  we  believe  are  due  to  a  redeposition  mechanism.  In  general,  higher  stress  levels 
and/or  repeated  laser  pulses  lead  to  microcrack  fOTmation,  a  linkage  of  this  damage,  and  eventually 
crack  initiation  and  crack  growth  which  causes  failure  of  the  sample.  Finally,  the  negative  ion, 
photoelectron,  and  metastable/Rydberg  neutral  emissions  are  strongly  enhanced  in  samples 
stressed  above  the  yield  point  The  presence  of  mechanical  sness  encourages  irreversibie  bond 
breaking,  probably  in  regions  of  high  stress,  leading  to  localized  damage.  The  increased  emission 
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of  negative  ions,  photoelectrons,  and  excited  neutrals  with  stress  appears  to  be  due  to  a  shift  in  the 
concentrations  of  the  intermediate  species  created  by  this  bond  breaking  which  occurs  under  this 
unique  combination  of  strained  bonds  and  UV  excitadon. 

V.  ACKNOWLEDGMENTS 

We  thank  D.  Stulik,  Washington  State  University,  and  Qarence  Wolf,  McDonnell  Douglas 
Research  Laboratories,  for  helpful  discussions.  This  work  was  supported  by  the  Office  of  Naval 
Research,  Contract  N00014-87-K-0S14,  McDonnell  Douglas  Independent  Research  and 
Development  Program,  and  the  Washington  Technology  Center. 

VI.  REFERENCES 

1.  A.  Canon,  W.  T.  K.  Stevenson,  and  P.  D.  McLean,  Materials  and  Design  7,  319  (1986). 

2.  J.  T.  Dickinson,  M.  L.  Klakken,  M.  H.  Miles,  and  L.  C.  Jensen,  J,  Polym.  Sci,  Polym. 
Phys.  Ed.  23,  2273  (1985). 

3.  J.  T.  Dickinson,  L.  C.  Jensen,  and  M.  L.  Klakken,  J.  Vac.  Sci.  Technol.  A  4,  1501 
(1986). 

4.  R.  Michael,  S.  Frank,  D.  Stulik,  and  J.  T.  Dickinson,  in  Proceedings  of  13th  International 
Symposium  on  Effects  of  Radiation  on  Materials,  ASTM  E-10,  Seattle,  WA,  1986. 

5 .  J.  T.  Dickinson,  M.  L.  Klakken,  and  L.  C.  Jensen,  in  Proceedings  of  the  18th  SAMPE 
Intemadonal  Technical  Conference  (SAMPE,  Corvina,  CA,  1986),  p.  983. 

6.  J.  T.  Dickinson,  K.  Tonyali,  M.  L.  Klakken,  and  L.  C.  Jensen,  J.  Vac.  Sci.  Technol.  A  5, 
1076  (1987). 

7 .  J.  T.  Dickinson,  Proceedings  of  the  ACS  Division  of  Polymeric  Materials:  Science  and 
Engineering  56,  282  (1987). 

8 .  K.  Tonyali,  L.  C.  Jensen,  and  J.  T.  Dickinson,  submitted  to  Proceedings  of  the  Materials 
Research  Society,  Boston  Meeting,  1987. 

9.  S.  Lazare,  P.D.  Hoc,  J.M.  Baker,  and  R.  Sirinivasan,  J.  Am.  Chem.  Soc.  106,  4288 
(1984). 

10.  R.  Sirinivasan,  J.  Vac.  Sci.  Technol.  B  1,  923  (1983). 

11.  R.  Sirinivasan  and  B.  Braren,  J.  Polym.  Sci.  Polym.  Chem.  Ed.  22,  2601  (1984). 


280 


12.  R.  Sirinivasan,  B.  Braren,  R.  W.  Dreyfus,  L.  Fadel,  and  D.  E.  Seeger,  J.  Opt.  Soc.  B  3, 
785  (1986). 

13.  B.  J.  Ganison  and  R.  Sirinivasan,  Appl.  Phys.  Lett  44,  9  (1984). 

14.  E.  Sutcliffe  and  R.  Sirinivasan,  J.  Appl.  Phys.  60,  3315  (1986). 

15.  R.  Sirinivasan,  Science  234,  560  (1986). 

16.  R.  Sirinivasan,  B.  Braren,  and  R.  W.  Dreyfus,  J.  Appl.  Phys.  61,  372  (1987). 

17.  J.T.C.  Yeh,  J.  Vac.  Sci.  Technol.  A4,  653  (1986). 

18.  LG.  Newsham,  J.V.  Hogue,  and  D.R.  Sandstiom,  J.  Vac.  Sci.  Tech.,  9,  596,  1971. 

19.  K.  Tonyali,  L.  C.  Jensen,  J.  T.  Dickinson,  unpublished  work. 

20.  J.H.  Brannon,  J.R.  Lankard,  A.I.  Baise,  F.  Bums,  and  J.  Kaufman.  J.  Appl.  Phys.  58, 
2036,  1985. 

21.  P.O.  I!ahn,  G.W.  Rubloff,  and  P.S.  Ho,  J.  Vac.  Sci.  Technol.  A2,  756  (1984). 

22.  J.L.  Bredas  and  T.C.  Clark,  J.  Chem.  Phys.  86,  253  (1987). 


Figure  Captions 

Fig.  1 .  SEM  micrographs  of  Kapton-H  samples  fractured  under  pulsed  excimer  laser 

radiadofu  The  samples  were  strained  to  50%  (125  MPa)  and  then  exposed  to  30  pulses  of 
2.3  Hcxtir  radiation,  (a)  in  vacuum,  and  (b)  in  air.  Notice  that  the  hollowed-out 
structures  open  up  more  near  the  edge  of  Ae  fracture  surface.  Small  nodules  appear  to 
have  grown  on  the  irradiated  surface  in  air  apparently  due  to  a  redeposition  process. 

Fig.  2.  (a)  Excited  neutral,  (b)  negative  ion,  and  (c)  electron  emission  TOF  spectra  of 

stressed  and  unstressed  Kapton-H  samples.  The  positive  ion  and  ground  state  emissions 
showed  no  change  with  stress  and  are  Aerefore  not  shown.  The  specimens  were  elongated 
to  70%  strain  and  then  subjected  to  0.7  Hera  pulsed  laser  radiation. 

Fig.  3.  The  effect  of  the  applied  force  on  the  negative  ion,  elretron  and  excited  neutral 

emission  yield.  The  laser  fluence  to  the  sample  was  0.7  J/cm^. 
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XVn.  The  interaction  of  UY  ej  tinier  laser  light  with  sodium  trisilicate 


P.  A.  Eschbach,  J.  T.  Dickinson,  S.  C.  Langford 
Waskimgtom  State  University,  Pullman,  WA  99164-2814 

L.  R.  Pederson 

Battelle  Paeifle  Northwest  Laboratories,  Richland,  WA  99352 

We  describe  the  results  of  irradiating  sodium  trisilicate  glass  (Na20'3Si02)  with 
148  nm  exdmer  laser  Mght  at  fluencea  from  1  to  5  J/cm^.  A  threshold  for  the  onset 
of  etching  occurs  at  3  J/cm^.  We  investigate  the  changes  in  surface  topography  as  a 
function  of  laser  flnence.  We  also  identify  the  ionic  and  neutral  species  conUined  in 
the  emission  plume.  A  clear  correlation  is  observed  between  the  etching  threshold 
and  a)  onset  of  emission  of  fast  excited  neutrals,  as  well  as  b)  the  appearance  of 
atomic  Na  D  resonance  radiation.  The  high  velocities  (10*15  km/s)  of  the  excited 
neutrals  and  ions  (H'*',  Na'*',  and  Si'*')  are  attributed  to  laser/plume  interactions.  The 
character  and  origin  of  lower  velocity  neutral  species  (atomic  O,  Si,  and  molecular 
NaO)  are  presented.  The  possible  role  of  surface  fracture  in  the  onset  of  etching  is 
also  discussed. 


I.  INTRODUCTION 

Controlled  ablation  by  laser  irradiation  has  considerable  potential  in  microelectronic 
and  micromechanical  machining  processes  as  well  as  in  the  production  of  high  quality  thin 
films  of  electronic  and  optical  materials.^ However,  ablation  mechanisms  are  complex, 
often  involving  both  thermal  and  photochemical  processes.^'^  A  better  understanding  of 
these  mechanisms  is  needed  to  provide  a  scientific  foundation  for  future  applications.  In 
view  of  the  wide  range  of  materials  and  structures  under  consideration,  predictive 
capabilities  as  well  as  descriptive  capabilities  are  desired.  In  particular,  tbe  interaction  of 
excimer  laser  radiation  with  silicate  glasses  is  important  in  potential  electronic 
applications.  Laser  damage  mechanisms  in  these  materials  also  affect  their  use  as  optical 
windows,  where  performance  is  often  limited  by  radiation  induced  damage. 

In  applications  in  which  the  emphasis  is  on  the  removal  of  material  by  ablation,  an 
understand  of  the  emission  mechanism  is  important.  However,  thi.  production  of  thin  film 
formation  by  laser  ablation  also  requires  a  detailed  understanding  of  the  chemical  state  and 
energy  of  the  products  incident  on  the  substrate.  The  existence  of  energetic  ions  and  highly 
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excited  acatrals  io  the  ablation  plume  may  facilitate  cert^a  otherwiM  improbable  or  slow 
chemical  reacttona  with  the  substrate  material  and  on  the  growiag  film.  Variations  in  the 
kinetic  energy  of  these  products  with  laser  flaeace  indicate  that  some  degree  of  control  over 
these  energy  distributions,  and  thus  the  surface  chemistry,  is  possible. 

In  this  paper,  we  present  initial  observations  of  surface  morphology  and  particle 
emissioa  accompanying  the  exposure  of  sodium  trisilkate  glass  to  20  ns  pulses  of  248  nm 
light  from  an  excimer  laser.  This  material,  transparent  in  the  visible,  absorbs  rather 
weakly  at  this  wavelength.  Correlations  between  surface  damage  and  the  time  required  for 
the  onset  of  ablation  suggest  that  surface  defects  play  an  important  role  in  the  ablation 
process.  Mam  spectrometry  was  used  to  identify  the  major  neutral  and  ionic  components  of 
the  plume,  and  time-of-fllght  measurements  were  used  to  determine  energies.  The  results 
point  to  strong  lascr/plume  interactions  in  the  near  surface  region. 

II.  EXPERIMENT 

Sodium  trisilicate  glass  was  prepared  by  melting  stoichiometric  quantities  of 
NaiCOj  and  SiOg  powders.^  The  resulting  material  was  transparent  and  bubble-free. 
Samples  were  cut  with  a  diamond  saw,  mechanically  polished,  and  washed  in  ethanol.  The 
samples  were  mounted  on  a  translatable  stage  in  a  vacuum  chamber  maintained  at  a  pressure 
of  10*'*  Pa  or  less.  The  laser  beam  was  directed  through  a  quartz  window  at  an  angle  of 
about  20°  to  the  sample  surface  normal. 

The  radiation  source  was  a  Lambda  Physik  Model  EMG  203  excimer  laser,  which 
produced  20  as  pulses  of  248  nm  radiation  (KrF).  The  laser  energy/pulse  was  measured 
with  a  Gentec  ED  SOO  joule  meter.  The  laser  beam  was  focused  by  a  lens  of  1  m  focal 
length  to  produce  a  0.2  x  1  mm^  rectangular  spot  on  the  sample  surface  with  a  maximum 
fluence  of  5  J/cm^.  Neutral  density  filters  were  used  to  reduce  the  fluence  by  calibrated 
amounts.  SEM  images  of  the  ablated  surfaces  demonstrated  that  the  beam  was  generally 
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unifona  ia  the  ceatral  portioa,  but  showed  soaie  irrefularities  oa  the  edges  due  to  slight 
■isaligamat  of  the  optical  coaipoaeata. 

TiaeHtf-flifht  (TOF)  neasureaeats  of  ioas  aad  excited  neutral  particles  were  made 
with  a  Chaaaeltroa  electron  multiplier  (CEM).  Galileo  Electro*Optics  Model  4039.  Excited 
neutrals  caa  be  detected  when  their  iateraal  energy  is  sufficient  to  cause  Auger  de<excitatioa 
(e.g.  metastahle  atoms  and  moiccnies)  or  autoioaizatioa  upon  collision  with  the  CEM  (e.g. 
high  lying  Rydberg  states).  Ions  and  excited  neutrals  were  distinguished  by  comparing 
intensity  measurements  made  with  positive  and  negative  biases  on  the  CEM  front  cone. 

The  CEM  front  cone  was  typically  masked  so  that  only  a  small  portion  was  in  line>or*sight 
with  the  sample  to  prevent  detector  saturation. 

Mass  resolution  of  ions  and  neutral  particles  was  obtained  with  IITI  Model  lOOC  and 
EAI  Model  160  quadrupole  mass  spectrometers  (QMS's)  using  CEM's  as  particle  detectors. 
With  the  ionizer  "on”  and  the  axis  of  the  QMS  aligned  to  provide  a  line-of-sight  path  from 
the  target  through  the  QMS  to  the  CEM,  both  ions  and  neutral  particles  were  detected. 

Mass  resolution  of  neutrals  was  readily  obtained  in  this  geometry.  However,  the  broad 
range  of  energies  exhibited  by  the  ions  (0*70  eV)  extended  well  beyond  the  ion  energies  for 
which  these  QMS's  were  designed,  severely  degrading  the  performance  of  the  quadrupole 
mass  filter.  By  replacing  the  QMS  ionizer  with  a  Bessel  box  energy  filter  operated  at  20 
eV,  1  amu  mass  resolution  was  obtained.  The  design  and  calibration  of  the  Bessel  box  are 
described  by  Craig  and  Hock.^® 

Measurements  of  light  emission  from  excited  species  in  the  ablation  plume  were 
made  with  a  Gencom  Thom  EMI  Model  9924QB  photomultiplier  tube  (PMT)  positioned  at 
the  end  of  a  fiber  optk  cable  mounted  on  a  vacuum  system  flange.  The  target  end  of  the 
fiber  optic  cable  was  equipped  with  a  slit  aperture  and  collimating  lenses  to  ensure  that 
only  light  directed  along  the  axis  of  the  cable  (perpendicular  to  the  target  surface  normal) 
was  detected.  This  allowed  the  observation  of  temporal  variations  in  light  intensity  as 
light  emitting  atoms/molecuies  passed  ia  front  of  the  slit.  For  spectral  analysis  of  this 
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spatially  selected  light,  the  output  of  the  flher  optic  cable  was  attached  to  a  Thermo  Jarrell 
Ash  MoBoapeC'lS  spectrometer  employing  a  150  liaes/mm  grating.  An  EG&G  Model  1421 
gated,  intensified,  position>sensitive  detector  responsive  to  light  in  the  region  between  200* 
830  nm  wns  used  with  an  EG&G  Model  1400  optical  multichannel  analyzer  to  acquire  both 
time*avcragcd  and  time*rcsolvcd  spectra. 

III.  RESULTS 
A.  Surface  topography 

When  sodium  trisilicate  glass  is  exposed  to  248  nm  excimer  laser  light  at  fluences 
above  3  J/cm^,  we  observe  etching  of  the  glass  in  the  central  portion  of  the  laser  beam. 
Outside  of  this  central  portion  there  tends  to  be  a  gentle  modification  or  clean*up  of  the 
defects  (e.g.,  scratches)  on  the  surface.  Figures  1  and  2  are  SEM  photos  of  the  etched 
region  showing  very  rough  features  in  the  etch  pit,  indicating  considerable  texturing  in 
addition  to  melting.  These  "coral-like"  features  are  similar  to  those  seen  by  Braren  and 
Srinivasan  in  laser  ablated  borosilicate  glasses.’^  Further  evidence  of  surface  melting  is 
shown  in  Fig.  3.  The  top  portion  of  Fig.  3  is  a  magnified  view  of  a  region  close  to  the 
edge  of  the  ablated  area  showing  many  spherical  particles  with  diameters  ranging  from  0.5 
to  3  iim.  These  particles  are  apparently  due  to  the  ejection  of  molten  glass  from  the  etched 
region. 

Even  at  fluences  well  above  the  threshold,  we  find  that  polished  surfaces  require  a 
"pre-exposure"  of  several  laser  pulses  before  etching  is  observed.  If  the  surface  is  highly 
damaged  (e.g.,  an  unpolished  surface  with  diamond  saw  cutting  marks),  no  pre-exposure  is 
required  to  induce  etching.  The  changes  in  surface  morphology  as  radiation  progresses  can 
be  seen  in  Fig.  4,  which  shows  four  different  etch  pits  formed  by  exposure  to  an  increasing 
number  of  laser  pulses  at  a  fluence  of  3.8  J/cm^.  After  10  and/or  20  pulses,  substantial 
surface  fracture  is  seen  along  the  center  and  borders  of  the  exposed  region.  (The  border 
region  experiences  especially  high  thermal  gradients.)  A  small  amount  of  highly  localized 
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etching  (pitting)  cnn  be  seen  at  an  exposure  of  10  poises,  especially  in  the  bottoms  of  the 
fractnre  cmtcrs.  A  higher  pit  density  is  found  after  20  poises.  With  continoed  irradiation, 
the  pitted  region  grows,  eventnaily  joining  and  smoothing  the  fractured  areas  and 
developing  the  coral*like  stmctnre  noted  above.  This  smoothing  always  left  an  etched 
region  with  roiling  topography.  The  average  spacing  between  major  features  of  the  fine 
coral  stroctore  converges  to  approximately  1  (xm. 

Etch  rates  were  estimated  from  the  apparent  depth  of  the  etched  region  in  SEM 
photos.  In  Fig.  1,  a  depth  of  about  100  ttm  was  attained  in  the  central  portion  of  the  etch 
pit  after  400  laser  pulses.  The  average  etch  rate  is  thus  about  250  nm  per  pulse, 
corresponding  to  the  removal  of  several  hundred  monolayers  per  pulse. 

B.  Particle  emission 

Overview.  Because  of  the  short  duration  of  the  emission  process,  the  detected 
species  are  highly  correlated  in  time  with  the  laser  pulse.  Figure  5(a)  shows  the  dominant 
TOF  signal  with  the  QMS  ionizer  turned  "on"  and  the  rods  of  the  mass  filter  grounded  to 
provide  a  nearly  fleld>free  drift  region  for  the  particles.  The  front  cone  of  the  CEM  in  the 
rear  of  the  QMS  was  biased  at  -2700  V  to  favor  detection  of  positive  ions  and  reject 
negative  particles.  With  the  ionizer  "off,"  as  in  Fig.  5(b),  the  faster  components  of  the 
detected  signal  are  still  observed.  Peaks  1  and  2  of  Fig.  5  are  strongly  effected  by  electric 
fields  consistent  with  positive  ions.  Peak  3  is  a  robust  peak,  often  saturating  the  detector. 
The  peak  position  is  not  affected  by  strong  electric  fields,  suggesting  that  it  is  associated 
with  neutral  particles:  note  that  this  peak  is  also  observed  with  the  ionizer  "off."  Such 
behavior  is  associated  with  neutral  particles  with  sufficient  internal  energy  to  yield  a 
secondary  electron  at  the  detector  surface.  Peaks  4  and  5  of  Fig.  5(a)  disappear  when  the 
ionizer  is  turned  off,  as  shown  in  Fig  5(b),  and  are  thus  attributed  to  ground  state  neutral 
species. 
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PtMitiv  Iona.  The  positive  ioo  emissioa  (PIE)  was  examioed  using  a  QMS 
equipped  with  a  Bessel  box  energy  filter  set  at  20  eV.  With  the  Bessel  box,  we  were  able 
to  nass  resolve  the  HE  at  nuuses  1  (H*),  23  (Na*),  and  28  (Si^).  Figure  6  shows  mass 
selected  PIE  TOF  data  summed  over  50  laser  pulses  at  these  three  masses.  By  far  the 
largest  ion  Intensity  occurs  at  mass  23  (Na'*’).  The  relatively  high  intensity  of  Na'*'  is 
presumably  related  to  the  ease  of  removing  Na  from  the  glass  and  the  low  ionization  energy 
of  Na.  The  H'*’  peak  persists  after  many  shots  and  does  aot  depend  on  the  laser  pulse 
repetition  rate;  therefore  this  H'^  emission  is  aot  due  to  the  dissociation  of  adsorbed  H2O 
from  the  background.  The  delayed  shoulder  in  the  mau  1  emission  of  Fig.  6  is  an  artifact 
due  to  the  "ion  blast"  which  is  poorly  discriminated  from  emission  at  mass  1.  These  TOF 
curves  indicate  significant  ion  intensities  at  an  energy  of  20  eV,  four  times  the  energy  of 
the  laser  photons.  Below  we  present  experimental  energy  distributions  for  Na'*'  which 
extend  out  to  ‘*60  eV.  It  is  highly  unlikely  that  these  high  energies  are  due  to  multiphoton 
processes;  as  we  shall  argue,  these  high  energies  are  most  likely  due  to  laser/plume 
interactions. 

Ezeited  Neutrala.  Characterization  of  TOP  measurements  of  the  excited  neutral 
species  were  made  with  a  bare  CEM  mounted  8.5  cm  from  the  target  surface  at  an  angle  of 
30**  relative  to  the  surface  normal.  Figure  7  curve  (i)  shows  the  TOF  spectrum  acquired 
with  a  negatively  biased  CEM  front  cone.  Again,  the  initial  peak  is  due  to  prompt, 
unresolved  positive  ions.  When  the  CEM  cone  is  biased  at  various  positive  and  negative 
voltages,  the  arrival  time  and  general  shape  of  the  broad  peak  commencing  at  3  ixs  is 
unchangtd,  indicating  that  this  peak  is  due  to  excited  neutral  particles  with  sufficient 
internal  energy  to  release  electrons  at  the  front  surface  of  the  detector.  Because  the 
observed  flight  times  are  much  longer  than  10  os  (associated  with  typical  dipole 
transitions)  we  conclude  that  this  peak  is  doe  to  a  long'lived  excited  species  detected  upon 
collision  with  the  CEM  cone.  We  present  below  strong  evidence  that  this  species  is  excited 
atomic  Na  (Na*).  With  this  mass  identification,  the  translational  energy  corresponding  to 
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the  ia  the  TOF  carve  of  Fig.  7  carve  (i)  is  about  30  cV.  Agaia,  this  is  well  io  excess 
of  the  laser  photoa  caergyi  aad  reflects  stroag  iaser/plane  iateractioas. 

nrwd  Stef  Newtrala.  The  slower,  groaad  state  oeatral  peak  4  of  Fig.  5(a)  consists 
of  a  dbtribatloa  of  masses  which  caa  be  resolved  with  a  QMS.  Figure  8  shows  three  peaks 
recorded  with  the  QMS  tuned  to  masses  Id  (O),  2S  (Si),  aad  39*40  (NaO  or  NaOH,  hereafter 
referred  to  as  NaOH^;  we  had  inaufficieat  resolution  at  masses  39*40  to  distinguish  between 
X  s  0  and  xal).  These  curves  have  been  normalized  to  a  common  peak  height  to  facilitate 
comparisons  of  their  position  and  shape.  The  ratio  of  the  area  under  each  of  the  curves  is 
approximately  0:Si:NaOHx  s  1000:4:1.  The  solid  lines  appearing  iu  Fig.  8  are  least 
squares  fits  of  the  data  to  "drifting  Maxweiliaas"  (Maxwellian  velocity  distributions  with  a 
center  of  mass  velocity)  aad  will  be  discussed  below.  The  traaslationai  kinetic  energies  of 
these  emissions  are  typically  -*0.1  to  ^O.d  eV,  orders  of  magnitude  less  than  the  energies  of 
the  ions  and  excited  neutrals.  Peak  S  of  Fig.  5(a)  indicates  the  presence  of  an  even  slower 
neutral  species.  A  corresponding  late  peak  was  observed  at  mass  28,  but  this  peak  was 
observed  only  during  the  early  stages  of  etching,  decaying  rapidly  as  etching  proceeded. 

Neutral  emission  is  observed  at  mass  23  (Na”),  but  is  somewhat  obscured  by  the 
large  excited  neutral  peak  at  this  mass.  With  the  QMS  tuned  to  mass  23  and  the  ionizer 
"ofT  the  Na*  peak  is  detected.  When  the  ionizer  is  turned  "on,"  this  peak  grows  in  size  and 
develops  a  shoulder  on  the  trailing,  low  energy  side.  As  the  ionization  cross  section  of 
Na*  is  relatively  large,  some  of  this  increased  intensity  must  be  due  to  the  ionization  of 
Na*.  However,  we  suspect  that  a  good  fraction  of  the  increase,  including  the  component 
responsible  for  the  shoulder  at  50*100  ^s,  is  due  to  Na”.  The  evidence  for  a  Na°  peak  in 
this  region  suggests  that  the  velocity  distributioa  of  Na”  is  more  like  that  of  Na*  (and  Na'*’) 
than  the  velocity  distributions  of  the  other  neutrals,  O,  Si  and  NaOHy. 

Negative  Particles.  Electron  emission  can  also  be  observed  using  a  bare,  CEM 
biased  for  detection  of  negative  particles.  As  expected,  the  electron  TOF  is  considerably 
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shorter  thu  that  of  the  more  massive  positive  ioas  aad  aentrais  sad  is  quite  intease. 
Sarprisiagly,  ao  aefa<iv*  io*  emissioa  was  observed. 

C.  Photoa  eaiissioa. 

At  flaeaces  snfflcieat  to  yield  etchiag,  a  plume  is  easily  observed  with  the  naked 
eye.  The  plume  exhibits  a  bright,  spherical  central  regioa  taagent  to  the  surface, 
surrounded  by  a  less  bright,  yellow  cloud  decaying  with  distance  flrom  the  surface.  A  time 
exposure  of  this  visible  light  (fl  on  Kodak  Tri*X  35  mm  film)  for  "ZO  successive  laser 
pulses  is  shown  in  Fig.  9(a).  The  rectangular  structure  in  Fig.  9(a)  is  the  sampie,  which  is 
clearly  deliaeated  by  the  fluorescence  of  the  glass.  Although  the  film  response  is  non* 
linear,  a  real  traasitioa  in  intensity  appears  '^1  cm  flvm  the  glass  surface.  Figure  9(b)  is  a 
photo  of  the  plume  exposed  over  several  more  laser  pulses.  It  shows  that  the  outer,  less 
intense  region  is  also  spherical  and  approximately  taagent  to  the  surface  at  the  irradiated 
region.  These  spherical  structures  are  consistent  with  a  cosd  angular  distribution.  In  both 
of  these  photos  (more  clearly  in  Fig.  9(b))  a  smaller  plume  is  observed  on  the  back  surface 
of  the  target.  Reflection  of  the  laser  beam  at  the  back  surface  can  enhance  the  local  electric 
field  ^  I  by  a  factor  of  1.5  or  more.  Despite  the  attenuation  of  the  beam  in  the  sample,  a 
plume  is  generated  at  the  back  surface  at  high  beam  fluences. 

Figure  10  shows  the  spectrum  of  the  visible  plume  as  it  passed  a  point  about  2  cm 
from  and  along  the  normal  to  the  glass  surface.  The  spectrum  is  a  line  spectrum  dominated 
by  the  atomic  Na  D  resonance  line.  Five  other  known  Na  lines  are  also  resolved  and 
identified  in  Fig.  10.  These  lines  reveal  the  presence  of  highly  excited  neutral  Na  atoms  in 
the  plume.  The  lifetime  of  the  3Pi/2,3/2  states  is  only  about  IS  ns,  so  that  the  Na  D  line 
observed  from  particles  this  far  away  from  the  surface  (corresponding  to  TOF's  of  several 
^)  cannot  be  due  to  3Pi/2,J/2  states  created  during  irradiation.  The  spectrum  of  Fig.  10 
indicates  that  the  3Pi/2,3/2  states  are  fed  by  higher  lying  excited  states.  We  propose  that 
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all  tbe  obscrTCd-  Na  lines  are  due  to  tbe  decaj  of  long  lived,  bigbly  excited  Rydberg  states 
created  in  the  escape  process. 

The  ttee  dependence  of  the  Na  D  line  intensity  at  a  given  position  can  be  compared 
with  the  time  dependence  of  the  excited  neutral  intensity  detected  by  impact  with  a  CEM. 

A  PMT  with  a  Na  D  line  interference  filter  and  a  lease/apertnre  arrangement  was  used  to 
provide  spatial  and  wavelength  discrimination  of  the  light  firom  the  plume.  The  optics  were 
arranged  to  monitor  intensity  of  the  Na  D  radiation  emanating  from  a  narrow  cone  8.7  cm 
from  the  glass  surface.  In  Fig.  7,  curve  (i)  is  the  excited  neutral  flux  detected  by  the  CEM, 
while  curve  (ii)  is  the  corresponding  Na  D  line  TOP.  The  time  dependence  of  the  photon 
intensity  is  nearly  identical  with  that  of  the  excited  neutral  intensity  measured  at  the  same 
distance  from  the  sample.  Furthermore,  the  Na  light  appears  only  at  laser  fluences  above 
J/cm^,  in  close  coincidence  with  the  appearance  of  the  excited  neutral  peak  and  the  onset  of 
etching.  These  correlations  between  the  CEM  excited  neutral  emission  and  the  Na  D  line 
intensity  strongly  suggest  that  both  are  due  to  the  same  particle,  and  that  this  particle  is 
indeed  excited  neutral  Na.  Thus,  both  lifetime  considerations  and  spectral  measurements 
indicate  that  the  visible  plume  is  due  to  the  radiative  decay  of  short>lived  excited  states 
produced  by  the  decay  of  long-lived  Na  Rydberg  states. 

As  the  Na  D  line  intensity  reflects  the  excited  neutral  density  as  a  function  of  time 
in  the  region  of  detection,  the  position  of  the  TOF  intensity  peak  can  be  used  to  infer  a 
characteristic  kinetic  energy.  This  characteristic  energy  increases  with  laser  fluence  above 
the  threshold  for  plume  formation,  as  shown  in  Fig.  11.  The  magnitude  of  this  energy  is 
typically  in  excess  of  10  eV,  well  above  the  photon  energy  of  the  laser  and  also  well  in 
excess  of  any  thermal  energy  which  can  be  associated  with  the  irradiated  surface  (e.g.,  10 
eV  «  100,000  K).  The  influence  of  laser  fluence  on  particle  energy  is  further  evidence  of 
strong  laser/plume  interactions. 


IV.  DISCUSSION 
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In  tbc  cnriy  stages  of  irradiation,  flaws  near  the  surface  can  lead  to  locaiized  fracture 
due  to  streu  indneed  by  differentiai  heating.  This  is  the  source  of  the  fracture  craters 
observed  early  in  irradiation,  starting  with  the  first  few  laser  pulses.  The  prebombardment 
of  the  surface  required  to  produce  etching  ia  sodium  trisilicate  glass  was  not  observed  in 
borosilicate  glasses,^  which  are  strong  UV  absorbers  at  24S  nm.  In  contrast,  the 
absorption  edge  of  pure  sodium  trisilicate  is  well  below  240  nm.^^  Absorption  in  the  near 
surface  region  can  be  enhanced  by  defects.  For  instance,  Nielsen  et  aL^^  have  proposed 
that  surface  defect  states  play  a  critical  role  in  the  multiphoton  desorption  of  ionic  species 
f^om  crystalline  dielectrics.  These  defects  can  be  produced  by  interaction  of  the  laser  light 
with  the  irradiated  material.  Devine  et.  al  report  that  excimer  laser  irradiation  of 
amorphous  silica  at  240  nm  can  produce  both  E*|  centers  and  a  non«bridging  oxygen  defect, 

each  capable  of  absorbing  240  am  radiation.  The  delay  in  the  onset  of  etching  observed  in 
this  work  may  be  the  time  required  for  the  production  of  a  critical  density  of  absorption 
centers. 

Mechanical  processes  may  contribute  to  the  density  of  absorption  centers  near  the 
surface.  Our  observatiou  that  damaged  surfaces  require  no  pre*exposure  for  the  onset  of 
etching  indicates  that  mechanically  created  uefects  play  an  important  role  in  near>surface 
absorption.  One  effect  of  mechanical  surface  defects  is  the  enhancement  of  local  electric 
fields, which  in  the  limit  of  sharp  cracks  should  be  about  a  factor  of  two  in  this 
material.  However,  absorbance  in  the  near  surface  region  can  also  be  enhanced  by 
mechanically  produced  electronic  defects.  Interestingly,  E-centers  have  been  observed  by 
Tomozawa  in  crushed  silica  using  ESR  techniques.^^  Dreyfus  et  ai.^^  have  found  that 
chemically  etched  sapphire  surfaces  dispiay  significantly  lower  UV  absorption  at  193  and 
24g  nm  in  the  near  surface  region  relative  to  "as  received"  commercially  prepared  samples. 
They  attribute  this  reduction  to  the  removal  of  absorption  centers  in  the  "as  received" 
samples  (with  presumably  mecbanically  polished  surfaces).  The  delay  in  the  onset  of 
etching  in  mechankaily  polished  glass  surfaces  relative  to  "as  cut"  surfaces  observed  in  our 
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work  is  liktiy  due  to  the  rcdoctioo  in  defect  deasities  (sad  therefore  a  reductioa  ia 
ahsorptioB)  at  the  sarface  of  the  polished  saaiples.  Ia  a  siaiilar  oMaaer,  thermally  ioduced 
fractore  may  play  aa  importaat  role  ia  the  oaset  of  etchiag  by  providiag  a  relatively  high 
deasity  of  ahsorptloo  ceaters  ia  the  aear  sai^ce  regloa. 

The  coral'like  featares  observed  after  the  oaset  of  etchiag  are  associated  with 
hydrodyaamk  spatteriag  similar  to  reported  by  Kelly  aad  Rotheaberg  due  to  excimer 
ablatloa  of  several  metals.^  If  the  depth  of  material  melted  uader  irradiatioa  is  fairly 
naiform,  aay  asperities  oa  the  sarface  tead  to  grow  due  to  the  volume  expaasioo  associated 
with  repeated  meltiog  aad  heatiag.  Uader  certaia  coaditioas,  moitea  droplets  may  be 
expelled  from  the  sarface.  This  would  cxplaia  the  spherical  structures  ia  Fig.  3.  The 
diameters  of  the  observed  droplets,  OJ-3  iim,  correspoad  well  with  the  raage  of  droplet 
diameters  reported  by  Kelly  aad  Rotheaberg. 

Electroa  emissioa  begins  early  ia  the  irradiatioa  process  la  coajuactioa  with  the 
productioa  of  absorbing  defects.  Filled  E'  states  produced  and  populated  during  early  pulses 
are  likely  initial  states  for  photoelectron  production.  Mackey  et  al.  have  studied  these 
states  in  sodium  silicate  glasses.^*  They  form  a  broad  band  lying  about  1  eV  below  the  Na 
ion  levels  which  form  the  conduction  band  of  this  material.  Photoeiectron  production 
involving  these  states  is  a  two  step  process:  a)  the  population  of  an  E'  state  by  the 
adsorption  of  a  5  eV  photon  followed  by  b)  the  adsorption  of  a  subsequent  photon  to  yield 
photoelectrons.  Presumably,  once  sufficient  absorption  at  248  nm  is  attained,  etching 
commences  simultaneously  with  the  onset  of  intense  neutral  and  ion  emission. 

The  interaction  of  the  laser  pulse  with  the  cloud  of  electrons,  ions,  and  neutrals 
formed  early  ia  the  pulse  results  ia  the  formation  of  a  plasma  in  which  electron  impact  can 
produce  additional  ionization.  The  high  velocities  observed  for  the  ions  and  the  excited  Na 
species  cannot  be  explained  by  photothermal  or  photochemical  processes  at  the  surface. 
Interparticie  collisions  in  the  near  surface  region  (Knudsen  layer)  can  raise  the  apparent 
temperature  of  ablated  particles,^^*^^  but  this  effect  is  again  far  to  small  to  account  for 
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thcM  velocities.  Figure  12  shows  experimeotsi  eacrgy  distributioos  for  excited  neutral  and 
iou  data.  The  excited  aeutral  energy  distribution  was  obtained  by  transforming  the  Na  D 
line  intensity  data  of  Fig.  7  carve  (ii),  which  reflects  the  excited  neutrai  density.  The  ion 
energy  distribution  data  was  obtained  by  successive  ion  flax  measurements  made  with  the 
Bessei  box  energy  filter  tuned  to  increasing  energies.  Each  energy  distributions  is 
accompanied  by  the  appropriate  Maxwellian  energy  distribntioa  fit  to  one  point  (the 
distributioa  peak).  Both  the  excited  neutral  and  ioa  energy  distributions  are  decidedly  non* 
Maxwellian.  The  production  of  the  high  energy  charged  particles  and  excited  neutrals  most 
likely  involves  the  acceleration  of  electrons  in  the  field  of  the  laser  beam  by  inverse 
bremsstrahlnag.^^*^^ 

Inverse  bremsstrahlung  involves  the  absorption  or  scattering  of  a  photon  by  an 
electron  in  the  presence  of  a  third  body.  M'litiple  absorption/scattering  events  can  result  in 
electrons  with  energies  several  times  the  photon  energy.  As  the  electrons  are  accelerated, 
ions  can  be  accelerated  along  with  them  by  means  of  electrostatic  attraction.  Interferometer 
measurements  by  Walkup  et  al.^^  indicate  the  presence  of  high  electron  densities  (>10^^ 
electrons/cm^)  in  plasmas  formed  by  excimer  ablation  of  AizOj.  At  these  densities, 
Coulomb  forces  maintain  approximate  charge  neutrality  over  distances  larger  than  a  Debye 
length  (“20  nm).  Despite  the  limited  spatial  extent  of  the  electric  fields  in  such  a  plasma, 
their  strength  is  sufficient  to  yield  considerable  ioa  acceleration.  For  instance,  Bykovskii 
et  al.  have  estimated  that  singly  charged  ions  can  be  accelerated  to  40*60  eV  by  a  laser  with 
a  power  density  of  lO’  W/cm^  in  a  plasma  with  an  electron  temperature  of  1  eV.^  Once 
the  laser  pulse  decays,  the  electric  fields  disappear  and  local  charge  neutrality  is  re* 
established  in  the  plume.  Electron/ion  recombinatiou  (requiring  a  third  body)  can  then 
result  in  the  production  of  excited  neutral,  Rydberg  atoms.  The  expanding  plume  thus 
carries  electrons,  positive  ions,  and  Na  Rydberg  atoms.  The  latter  eventually  decay  into 
lower  lying  states  which  yield  the  observed  visible  radiation  via  dipole  allowed  transitions. 
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It  is  the  flaite  lifetime  of  the  Rydberg  atoms  which  allow  the  resonance  radiation  to  be 
obsenred  at  large  distances  from  the  surface  over  times  of  several  tens  of  |is. 

Electrostatic  acceleration  of  the  ions  by  the  faster  electrons  accounts  for  the  high 
energy  of  ionic  and  excited  neutral  species.  Simultaneous  measurements  of  Na*  and  Na^ 
energy  distributions  are  compared  in  Fig  12(b).  At  a  flnence  of  3  J/cm^,  the  Na*^  energy 
distribution  peaks  at  around  20  eV,  while  the  excited  neutral  energy  distribution  peaks 
around  6  eV.  This  difference  in  energy  is  consistent  with  the  electrostatic  acceleration  of 
Na'*’  accompanied  by  the  eiectron/ion  recombination  to  form  Na*;  early  recombination 
prevents  further  acceleration,  resulting  in  a  lower  energy  distribution.  The  ions  that 
survive  have  presumably  experienced  greater  acceleration,  and  thus  are  more  energetic  than 
the  excited  neutrals. 

The  ground  state  neutral  particles  show  considerable  variation  in  their  TOP  curves. 
As  shown  in  Fig.  8,  the  TOF  peak  at  mass  Id  (atomic  O)  is  fast  and  broad,  while  the  TOP 
peaks  at  masses  28  and  40  are  slower  and  much  narrower.  Kelly  suggests  that  the  energy 
distribution  of  a  photocbemically  emitted  species  is  initially  nearly  monoenergetic  (e.g., 
due  to  a  Frank*Condon-like  transition),  but  that  this  distribution  could  be  broadened  by 
subsequent  collisions.^'*  The  degree  of  broadening  is  a  function  of  the  collisional  history 
of  the  particles,  and  thus  may  yield  a  variety  of  energy  distributions. 

In  order  to  characterize  these  distributions,  we  have  modeled  the  TOF  data  with  a 
particle  velocity  distribution  formed  by  summing  a  Maxwellian  velocity  distribution, 
characterized  by  temperature  T,  and  a  center  of  mass  component.  Vc„,.  T  and  Vc„,  are  model 
parameters,  chosen  to  fit  the  data.  The  intensity  of  the  QMS  signal  corresponding  to  this 
distribution  was  calculated  by  integrating  the  estimated  particle  density  over  the  length  of 
the  ionizer,  according  to  the  formula: 

0-i-L 
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where  I(t)  is  the  QMS  signal  intensity  as  a  function  of  time,  N  is  proportional  to  the  total 
nnniher  of  emitted  particles,  A  is  the  cross*sectionai  area  of  the  ionizer,  m  is  the  particle 
mass,  k  is  the  Boltzmaan  constant,  and  the  integral  is  performed  over  the  length  of  the 
ionizer,  which  extends  along  the  x*axis  from  distance  D  to  D-fL.  The  factor  of  t'^  arises 
from  the  transformation  of  the  Maxwell* Boltzmann  velocity  distribution  to  a  spatial 
distribution  (dv^  s  dx/t,  dvy  =  dy/t,  dvs  s  dz/t),  which  yields  the  particle  density  as  a 


function  of  time  and  position. 

Least  squares  fits  of  this  model 

to  the  TOF 

data  of  Fig.  7 

yield  the  following  values  of 

Vea  and  T: 

mass  (amu) 

assigned 

T  (K) 

Vea  (m/s) 

species 

Id 

O 

2420 

41C 

28 

Si 

200 

1420 

39*40 

NaOHi 

110 

1380 

(X  =  0,1) 


The  unrealistically  low  temperatures  and  large  center  of  mass  velocities  necessary  to 
fit  the  mass  2S  and  40  data  are  consistent  with  photochemical  emission  followed  by 
collisions  in  the  near  surface  region,  as  suggested  by  Kelly.  The  narrowness  of  these  TOF 
peaks  is  inconsistent  with  thermal  emission.  Thermal  TOF  distributions  can  be  narrowed 
by  collisions  in  the  near  surface  region  with  or  without  adiabatic  expansion,  but  not  to  the 
degree  observed  at  these  masses. 

The  narrowing  of  these  TOF  distributions  appears  to  be  a  function  of  mass,  with  the 
more  massive  particle  (NaOHs)  possessing  a  more  narrow  distribution  than  the  less  massive 
particle  (Si).  In  collisions  between  particles  of  different  masses  and  nearly  equal 
velocities,  the  more  massive  particles  experience  the  smaller  energy  changes,  so  that  more 
collisions  are  required  for  their  thermalization  than  that  of  the  less  massive  particles. 
Further,  the  more  massive  particles  of  a  given  energy  have  lower  velocities,  so  that  they 
eventually  fall  behind  the  lighter  particles  and  cease  to  interact  with  them.  If,  as  in  this 
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case,  the  density  of  the  massive  particles  is  quite  low,  their  collision  probability  drops 
marhedly  as  they  fall  behind  the  others,  further  limiting  the  degree  of  thermalization. 

These  effects  would  explain  the  relative  widths  of  the  Si  and  NaOHx  TOP  distributions. 

In  contrast,  the  mass  16  emission  is  associated  with  a  relatively  large  effective 
temperature  and  low  center  of  mass  velocity.  The  low  vea  suggests  that  the  velocity 
distribution  is  consistent  with  a  Maxwellian  velocity  distribution.  A  least  squares  fit  of 
the  mass  16  data  to  a  pure  Maxwellian  (ven  a  6)  yields  a  very  good  fit  with  an  effective 
temperature  of  3040  K.  The  observation  of  an  equilibrium  thermal  distribution  indicates 
that  the  O  is  sampling  a  region  whose  temperature  is  on  the  order  of  3000  K.  The  most 
simple  explanation  of  the  energy  distribution  is  the  thermal  emission  of  O  from  a  surface  at 
roughly  3000  K.  However,  in  a  study  of  particles  emitted  from  heated  sodium  trisilicate 
glass  surfaces,  Kelso  and  Pantano^^  observed  significant  emission  of  Na  and  Ox  at 
temperatures  greater  than  850  C;  at  this  temperature,  the  ratio  of  Na:0  was  estimated  to  be 
greater  than  40:1.  If  our  atomic  O  were  simply  thermally  emitted  from  the  surface,  we 
would  expect  to  sec  a  strong  Na”  peak  in  this  region.  Because  we  do  not  observe  sucb  a 
peak,  we  conclude  that  the  neutral  O  is  produced  by  a  photocbemicai  process,  and  that  its 
nearly  Maxwellian  velocity  distribution  is  due  to  nearly  complete  thermalization  by 
repeated  collisions.  This  thermalization  would  be  facilitated  by  tbe  relatively  small  mass 
of  atomic  O,  as  noted  above. 

V.  CONCLUSION 

We  have  examined  the  surface  topographical  changes  and  accompanying  particle 
emissions  from  sodium  trisilicatc  glass  due  to  exposure  to  248  nm  excimer  laser  pulses. 

At  flucnces  above  3  J/cm^,  the  surface  initially  experiences  thermally  induced  fracture 
which,  after  some  ten's  of  pulses,  is  followed  by  simultaneous  etching  and  plasma 
formation.  The  initial  heating  of  the  substrate  due  to  photon  absorption  is  strongly 
dependent  on  absorption  centers  which  arc  induced  by  repeated  laser  pulses.  Small  surface 
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cracks  created  early  in  irradiation  may  signiflcantly  enhance  the  density  of  these  centers  or 
the  mtc  at  whkh  they  are  formed. 

Electrons,  positive  ions  (H^,  Na^,  Si^^  and  aentrai  species  (O,  Na,  Si,  and  NaOx) 
are  emitted  dnring  the  ablation  process.  The  ions  and  the  excited  neutrals  are  quite 
energetic  due  to  the  acceleration  of  ions  resulting  from  lascr/piume  interactions.  Excited 
(and  some  ground  state)  Na  aeutrais  are  formed  as  accelerated  Na  ions  and  electrons 
recombine  in  the  near  surface  region.  The  other  ground  state  neutrals  are  much  less 
energetic,  with  energy  distributions  consistent  with  a  photochemical  emission  mechanism 
for  neutral  Si  and  NaOHx.  The  neutral  O  emissioa  appears  to  have  a  similar  photochemical 
emission  mechanism,  followed  by  nearly  complete  thermalixatlon  of  the  energy 
distribution. 

In  the  future,  we  expect  to  perform  measurements  on  the  very  weak  emissions  at 
subthreshold  fluences.  Energy  distribution  measurements  of  neutral  emission  at  low 
fluences  would  help  confirm  the  photochemical  mechanism  proposed  above,  perhaps 
yielding  insight  into  the  nature  of  the  bond  breaking  processes  involved.  These 
measurements  may  also  provide  further  understanding  of  the  the  processes  which  modify  the 
energy  distributions  as  the  fluence  is  raised. 
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Captions 

Tkc  edgt  of  a  typical  etched  region  on  sodinni  trisilicate  glass  (400  shots,  5 

"Coral-like”  structure  at  the  bottoa  of  a  typical  etch  pit  (400  shots,  5 
J/cm^). 

Edge  of  a  typical  etch  pit  (bottom)  and  a  close-op  of  the  glass  surface  near 
the  etch  pit  (top),  showing  spherical  droplets  deposited  on  the  glass  surface 
outside  of  the  etch  pit  (400  shoO,  3J  J/cm^). 

Four  exposed  regions  formed  by  increasing  numbers  of  laser  poises:  a)  10, 
b)  20,  c)  40,  and  d)  80  shots,  each  at  a  fluence  of  3.5  J/cm^. 

TOF  spectra  from  sodium  trisilicate  glass  taken  a)  with  ionizer  "on"  and  b) 
with  ionizer  "off."  Time  tsO  corresponds  to  the  arrival  time  of  the  laser 
pulse 

Mass  selected  positive  ion  signals  detected  masses  1,  23,  and  28  with  a 
Bessel  Box/QMS  detector.  The  axis  of  the  QMS  was  somewhat  inclined  to 
the  surface  normal. 

Excited  neutrai  TOF  measurements  made  by  (i)  a  CEM  detector  positioned  8.5 
cm  from  the  sample  surface  and  (ii)  a  photomultiplier  tube  with  a  Na  D  line 
filter  and  collimator  viewing  a  region  8.7  cm  O-om  the  sample  surface. 

Mass  selected  neutral  signals  detected  at  masses  16,  28,  and  40,  normalized 
to  a  common  peak  height.  The  solid  lines  represent  best  fit  "drifting 
Maxwellians."  Tbe  early  portion  of  the  mass  16  curve  has  been  removed  to 
eliminate  interference  from  the  excited  neutrai  peak. 
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FIG.  9.  Time  exposures  of  the  abiatiou  plume  recorded  taken  over  several  laser 

pulses,  b)  is  overexposed  relative  to  a)  to  bring  out  the  geometry  of  the  less 
intense  portion  of  the  plume.  Note  the  near-spherical  symmetry  of  both 
regions. 
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TOF  Spectra  from  Sodium  Trisilicate 


Fig.  5 


Mass  Selected  Positive  Ion  Signals 
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Sodium  Trisilicate  Glass  Sample 


Sodium  Trisilicate  Glass  Sample 


fluorescence 
from  glass 


Fig.  9 
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Xin.  Additional  Work 


Ngntral  Particte  EmiMioii  ftrom  TGDDM/DDS  eiMMtT!  We  have  measured  a  number  of  properties 
of  the  neutral  molecule  emission  accompanying  fracture  of  TGDDM/DDS  epoxy.  This  includes  the  time 
evolution  of  the  emissiGa  of  masses  18  (H2O),  28  and  64  (SO2).  The  H2Q  and  N2  are  believed  to  be 

occluded  gases,  but  the  502  appears  to  be  generated  by  bond  scissions.  In  Hg.  1,  we  show  the  time 
dependence  of  nuss  18  (H2O)  for  two  different  distances  of  the  mass  spectrometer  ionizer  from  the  sample 
where  tsO  represents  the  fracture  event  (typically  10  ps  in  duration).  Note  that  the  onset  of  detected  si^ialomf 
the  peak  position  of  these  curves  shifts  over  as  the  distance  from  tte  sample  is  increased.  From  these 
measurements  (taken  at  two  flight  distances  from  the  sample)  we  have  obtained  an  average  temperature  of  the 
gases  and  the  time  dependence  of  the  emission  (on  a  microsecond  time  scale)  relative  to  fracture.  For  this 
particular  epoxy,  gas  temperatuies  of  ~42S  K  are  obtained.  The  rate  of  gas  release  is  shown  to  be  a  maximum 
<^ter  the  fracune  event  This  suggests  that  the  major  source  of  the  gases  arises  in  the  plastic  zone  surrounding 
the  moving  crack  tip  as  opposed  to  the  free  surface  created  by  fracnue.  In  the  case  of  SO2  emission,  the 
evolution  intensities  could  be  probing  bond  txeaking  processes  in  the  plastic  zone  during  fracture.  In  principle, 
neutral  emissions  from  any  brittle  material  can  be  studied  using  this  new  method.  We  are  constructing  a 
system  that  employs  two  mass  spectrometers  which  will  greatly  facilitate  the  acquisition  of  this  type  of  data. 


Scanning  Tunneling  Microsconv  of  Cracks  and  Fracture  Surfaces. 

We  have  installed  and  have  ruiming  a  scanning  tunneling  microscope  which  exhibits  atomic 
resolution  on  standard  sur&ces  such  as  the  cleavage  plane  of  graphite.  Also  visible  are  steps  of  2-3  atom 
heights.  We  are  attempting  to  image  the  region  around  a  single  crack  in  single  crystal  SL  With  limited 
resolution,  Bonnell  and  Clark  (IBM  T.  J.  Watson,  personal  communication)  have  imaged  a  single  crack  in 
single  crystal  Si  with  the  STM.  Although  we  have  not  yet  found  the  tip  of  the  crack,  we  expect  that 
improvements  in  our  ability  to  position  the  tip  precisely  will  remedy  this  difficulty.  The  slu^  and  features  of 
the  surface  of  any  material  in  the  region  of  a  crack  have  never  been  imaged  with  atomic  resolution  and  would 
provide  new  information  about  the  fracture  process. 

In  addition,  we  have  succeeded  in  omneling  to  very  thin  Au  coated  surfaces  of  highly  insulating 
surfaces  such  as  NaQ  and  MgO.  We  have  observed  good  stability  and  conductivity  in  Sims  -20-100  A  in 
thickness,  with  no  evidence  of  Au  clusters.  The  best  resolution  to  date  is  -3  A  laterally  (in  the  plane  of  the 
surface)  and  5-10  A  vertically  (normal  to  the  surface).  It  is  important  to  emphasize  that  we  are  using  STM 
techniques  on  insulting  surfatres  and  striving  for  maximum  resolution.  The  majtx’  advantage  of  the  STM 
relative  to  the  atomic  force  microscope  (AFM),  which  has  potentially  higher  resolution,  is  the  reliability  of  the 
STM.  We  have  successfully  obtained  topographical  information  on  100%  of  the  gold  coated  surfaces  pn^uced 
to  date. 

Three  STM  scan  of  a  gold-coated  MgO  fracture  surface  (single  crystal  broken  in  three  point  bend)  are 
shown  in  Fig.  2.  The  scans  shown  in  Figs.  2a  and  2b  were  taken  on  the  tensile  side  of  the  fracture  surface, 
while  that  of  Fig.  2c  was  taken  on  the  compressive  side  of  the  fracture  surface.  As  shown  in  Hg.  2d.  the 
surface  near  the  tensile  side  of  samples  broken  in  this  geometry  is  inclined  at  to  the  compressive  surfaces. 
The  compressive  surfaces  are  macroscopically  (100)  in  orientation,  while  the  tensile  surfaces  are  approximately 
(720).  Fg.  2a  shows  a  typical  flat  region  of  the  tensile  side.  It  is  -<720)  in  orientation  on  the  scale  of 
hundreds  of  nm,  with  (teviations  from  the  dominate  plane  of  less  than  36  A.  A  number  of  similar  planes  were 
found  over  the  entire  tensile  side  and  were  typically  of  micron  dimensions.  Interspersed  between  the  smooth 
regions  were  patches  of  rough  topography,  one  of  which  is  shown  in  Fig.  2b.  Again,  the  larger  facets  are  of 
-(720)  orientation.  At  our  present  resolution  (5-10  A),  these  facets  do  not  appear  to  be  composed  of  ( 100) 
(cleavage  plane)  steps.  The  sloping  regions  connecting  the  larger  facets  mi^t  still  be  cryst^ographic. 

On  the  compressive  side  (2c)  a  variety  of  crystal  orientations  are  observed;  each  facet  tends  to  be 
considerably  smaller  than  on  the  tensile  side,  typically  a  few  hundred  A  in  size.  The  dominant  orientation  was 
(100)  with  significant  numbers  of  (720)  planes.  In  addition,  we  observed  small  patches  of  (210),  (920),  (811), 
(731),  (321),  (381),  and  (140)  surfaces.  It  should  be  emphasized  that  these  surfaces  could  be  atomically  stepped 
which  would  not  te  detected.  No  microscopic  (110)  or  (111)  surfaces  were  observed,  even  though  (1 10)  is  a 
known  secondary  fracnire  plane  and  is  frequently  macroscopically  observed  in  MgO. 

Fracture  through  the  compressive  side  of  a  crystal  loaded  in  three-point  bend  is  probably  complicated 
by  plastic  deframation  prior  to  fracture.  In  the  region  of  the  loading  nose,  stresses  can  be  quite  high  and  for 
strong  samples  (small  surface  flaws  on  the  tensile  side),  significant  plastic  deformation  is  possible.  As  the 


317 


aack  prapogaies  through  regions  that  have  experienced  slip  and/or  dislocation  pik  up,  it  can  be  strongly 
In  addition,  the  cnck  front  at  the  boundary  of  die  tensile  and  compressive  sides  can  be  quite 
complicated,  actually  occiq^g  a  variety  of  different  crystal  planes.  Figure  3  shows  another  region  on  the 
compressive  side  whae,  in  addition  to  fiawts  of  several  hundred  A  dimensioos,  there  appears  a  set  of  parallel 
steps  20-SO  A  high  tunning  parallel  to  the  direction  of  propagation.  Some  of  these  st^  appear  to  nierge  or 
emerge  at  poinis.  Similar  step  creation  has  been  observed  on  MgO  fracture  surfKes  where  the  crack  is 
intersected  by  screw  dislacaiions.  Interactions  between  Grades  propagating  on  nearby  planes  may  also  be 
responsibie  for  the  merging  of  some  steps.  We  have  yet  to  determine  the  crystallognphic  directions  of  these 
features,  but  we  suspea  that  (100)  orientations  will  dominate  in  the  centtal  portion.  Note  that  each  comer  of 
this  plot  is  tipped  at  a  sharp  angle  to  the  central  plateau. 

As  additional  evidence  of  the  strong  dependence  of  topogta^y  on  previous  plastic  deformation,  Ftg.  4 
shows  two  sens  of  a  distinct  feamre  which  ^ipean  on  the  compressive  side  of  MgO  fraemred  in  three  point 
bend.  Sevoal  similar  features  were  foundin  a  3  pm  x  3  pm  neighborhood  (the  curremlimit  of  our  It^  area 
scan).  Each  of  these  triangular  depressions  were  assodated  with  long  trough  lying  along  the  (100)  direction 
and  cominising  substantial  amounts  of  crack  deflection.  Active  slip  planes  on  the  compressive  side  of  the 
crystal  are  known  to  intersect  die  fracture  surfime  along  the  same  direction.  We  suggest  that  these  unusual 
features  result  from  the  crack  interacting  with  these  slip  bands.  It  should  be  noted  that  the  density  of  dissipated 
energy  on  a  local  scale  of  a  few  teas  of  Angstroms  could  be  quite  high  and  could  be  considered  a  type  of  hot 
spot  A  question  of  interest  that  relates  to  our  previous  studies  (see  Sections  11  and  12)  would  be  the  influence 
of  these  localized,  high  energy  events  on  the  emission  of  light  particles. 


roiMtrnftinii  of  Atomie  Force  MigriMcone. 


We  have  made  substantial  progress  on  the  design  and  construction  of  an  Atomic  Force  Microscope 
utilizing  electron  umneUng  for  sensing  the  motion  of  a  cantilever  beam.  This  motion  is  in  response  to  the 
atomic  and  electrostatic  forces  between  a  tip  and  a  fracture  surfime  of  an  insulting  material,  and  can  include 
energetic  materials.  The  advantage  of  such  an  instrument  for  insulators  is  that  no  conducting  coating  is 
necessary.  One  major  difficulty  is  the  interpretation  of  the  resulting  scans.  One  is  in  fact  using  a  macroscopic 
dp  as  a  ^lus,  but  sensing  the  response  on  an  A  size  scale. 

As  expected,  vibrations  have  been  a  major  problem  and  we  are  fixusing  on  various  vibration  isolation 
schemes  to  minimize  their  influence.  The  very  small  size  of  the  atomic  force  cantilever  system  requires  that 
aU  fabrication  be  perfixmed  under  a  niicroscope.  The  design  we  are  currently  using  was  first  suggeried  by 
Bryant  (P J.  Bryant,  U.  Missouri-Kansas  City,  private  communication).  The  first  step  in  the  fabrication 
process  is  to  cut  platinum  foil  for  the  AFM  lever,  where  the  platinum  foil  is  prepared  by  hammering  a  25  ixm 
wire  into  a  thin  4  pm  foil.  This  foil  is  sliced  into  levers  approximately  170  (im  x  IS  pm.  A  cantilever 
support  consisting  of  a400  pm  tungsten  wire  bevelled  to  IS  degrees  at  one  end,  is  attached  via  insulting  qx>xy 
to  an  etched  STM  tip.  A  wire  lead  is  attached  to  the  cantilever  support  by  conttoting  epoxy.  The  final  step  in 
the  fatnicaiion  process  is  to  attach  the  lever  to  the  cantilever  support.  This  is  accomplished  using  a 
micromanipulator  with  a  microscopic  capillary  tube  with  applied  suction  acting  as  a  microfbrcep.  The  lever  is 
fastened  to  the  support  with  a  small  amount  of  conducting  epoxy.  After  curing  the  atomic  force  cantilever 
system  is  ready  to  used  in  our  "conventional"  STM  apparatus  with  the  wire  lead  to  the  cantilever  support 
supplying  the  "sample"  bias.  The  current  mode  of  operation  is  a  compression,  Le.,  the  tip  is  pushed  against 
the  surface,  in  analogy  to  a  stylus  profUometer,  with  forces  on  the  order  of  10*^  N. 

In  Fig.  5  we  show  a  64  line  scan  of  a  relatively  smooth  region  of  the  compressive  side  of  a  MgO 
three-point  bend  fracture  surface.  A  possible  artifact  is  a  "jitter"  corresponding  to  a  few  A  deflection  of  the  tip. 
In  Hg.  S  this  jitter  corresponds  to  the  fine  structure  observed  most  clearly  in  the  smooth  regions  of  the  surface. 
This  jitter  could  be  due  to  stick-slip  of  the  force  lever  producing  relative  lateral  motion  between  the  tunneling 
tip  and  the  force  lever.  This  shows  up  in  a  periodic  increase/decrease  in  tunneling  current  which  activates  the 
Zpiezo.  Some  features,  usually  of  much  lower  frequency,  may  represent  deflections  at  the  mechanical 
resonance  ^uency  of  the  leva.  Nevertheless,  we  are  starting  to  ga  topographical  information  on  fracture 
surfaces  of  insulators.  It  should  be  realized  that  this  probe  is  extremely  fragile  and  eventually  a  crash  on  the 
surfice  results  in  irreversible  damage,  requiring  replacement  of  the  force  probe. 

Figure  6  and  7  show  AFM  images  of  two  considerably  more  rough  regions  of  the  compressive  side  of 
the  same  MgO  crystal  Fgure  6  has  features  less  than  6A  in  the  Z  direction  that  are  resolved  and  reproducible 
unda  repeated  scans.  To  date,  no  evidence  of  damage  to  the  sur&ce  at  the  forces  we  ate  applying  has  been 
observed.  There  does  appear  to  be  a  problem  with  oscillations  in  the  force  leva  when  passing  ova  stepped 
feauites  on  the  orda  of  100  A  in  hei^L  The  edges  of  these  feaoites  ate  surprisingly  sharp,  matching  in  many 
ways  the  results  from  the  STM  on  Au  coated  MgO.  Fig.  7  illustiates  the  scan  ova  a  very  rough  portion  of 
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the  suffice  with  excursions  in  Z  equivalent  to  "1000  A.  On  such  a  large  scale,  the  oscillations  in  the  lever 
arm  are  not  really  very  significant 

Future  woifc  will  concentrate  on  improvements  in  resolution  and  noise  reduction  to  provide  more 
routine  scans  of  fiacture  suffices.  In  addition,  we  have  buiit  the  electronics  for  an  attractive  force  AFM  which 
utilizes  the  deflection  of  a  laser  beam  sensed  by  a  position  sensitive  detector.  We  then  will  be  able  to  probe 
suifaces  without  contact  between  the  force  leva  tip  and  the  suffice.  This  is  particulariy  important  in  our 
efforts  to  characterize  charge  distrflNitions  on  fracture  surfaces  of  insulators. 


Figure -CintiQBS 


iMg.  1.  The  time  dependence  of  the  emissioo  of  water  fiom  the  fracture  of  epoxy.  The  two  curves 

represent  signals  obtained  for  two  tfifferent  distances  of  the  mass  ^Kctrometer  from  the 
sample.  Note  the  arrival  time  of  the  fostest  molecules  shifts  to  later  times  for  the  longer 
distance.  Similarly,  the  peak  position  shifts  and  the  entire  curve  broadens  due  to  the  velocity 
distribution  of  the  water  molecules  emitted  fiom  the  epoxy. 

Fig.  2.  Scanning  Tunneling  Microscope  scans  of  gold  coated  MgO  fracture  surfaces.  The  crystal  was 

broken  in  three  point  bend,  a)  and  b)  were  scans  over  portions  of  the  surface  towards  the 
tensile  side  of  the  sample;  c)  is  aregion  on  the  compressive  side,  d)  shows  the  basic 
orientation  of  these  two  portions  of  the  fiacture  surface. 

Hg.  3.  An  STM  image  of  a  portion  of  the  compressive  side  of  an  MgO  fiacture  surface  which  shows 

a  series  of  stqts  20*  SO  A  in  height  across  a  square  facet  (probably  (100)  in  orientation). 

Fig.  4.  STM  images  of  a  feature  which  appears  in  regions  of  high  plastic  deformation  created  during 

loading.  Severe  crack  deflection  a^  possibly  branching  have  occurred  in  this  region. 

Fig.  5.  An  Atomic  Force  Microscope  scan  (64  lines)  mi  the  compressive  side  of  an  uncoated  MgO 

fiacture  surface. 

Fig.  6.  An  AFM  scan  on  the  compressive  side  of  MgO  showing  both  flat  and  rougher  regions. 

Fig.  7.  AFM  scan  on  the  compressive  side  of  MgO  in  an  extremely  rough  region. 


Mass  18  Signal  (arb.  units) 
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AFM  Image  of  a  MgO  Fracture  Surface 
(Compressive  side  in  3  Pt-Bend) 
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APPENDIX  I 

FRACTO-EMISSION  FROM  INTERFACIAL  FAILURE 


J.  T.  DICKINSON 
Department  of  Physics 
Washington  State  University 
Pullman,  WA  99164-2814 

ABSTRACT 

Fracto-Emission  is  the  enussion  of  particles  and  photons  during  and  after  fracture  of  materials. 

The  observed  emission  includes  elections,  negative  and  positive  ions,  neutral  species  in  both 
ground  states  and  in  excited  states,  and  visible  photons.  This  emission  can  oftm  serve  as  a 
sensitive  probe  of  crack  growth  and  may  prove  to  be  a  useful  tool  for  investigating  molecular  and 
microscopic  events  accompanying  crack  growth  and  for  studying  the  details  of  failure  modes  in  a 
variety  of  materials.  Inteifacial  fidlure  provides  unique  firacto-emission  signals  due  to  the 
extensive  charge  separation  accompanj^g  separation  of  dissimilar  materials.  Here  we  present  the 
results  of  sevend  recent  studies  of  inieifacui  failure  involving  a  variety  of  materials  and  relate 
them  to  electronic  and  mechanical  processes  accompanying  failure. 

INTRODUCTION 

During  and  after  tincture  of  materials  one  can  measure  the  emission  of  photons  (phE)  (often 
called  triboluminescence^*^)  and  particles  including:  electrons  (EE),  negative  and  positive  ions 
(NIE  and  PIE),  and  neutral  species  in  both  ground  states  (NE)  and  in  excited  states  (NE*).  This 
emission  can  often  serve  as  a  sensitive  probe  of  crack  growth  and  may  prove  to  be  a  useful  tool 
for  investigating  molecular  and  microscopic  events  accompanying  crack  growth  and  for  studying 
the  details  of  failure  modes  in  a  variety  of  materials.  These  effects  are  also  of  interest  in  terms  of 
their  relations  to  electrostatic  consequences  of  b<xtd  breaking  (e.g.,  noise  generated  in  sensitive 
circuits  under  stress,  grinding  of  materials  in  confined  spaces,  mechanical  and  interfacial  effects 
associated  with  explosives  and  solid  propellents),  the  detection  of  fiacture  inside  the  earth's  crust, 
and  the  transport  of  atoms  and  gases  in  geological  systems.  For  a  lengthy  list  of  firacto-emission 
(FE)  references,  see  ref.  3. 

Past  studies  of  FE^  have  included  work  on  the  fracture  of  oxide  coatings  on  metals, 
inorganic  crystals  and  glasses,  adhesive  failure  (including  composites),  organic  crystals,  neat 
polymers,  and  studies  of  electrical  phenomena/breakdown  accompanying  fracture.  A  number  of 
investigations  have  focused  on  the  emission  of  charged  particles  ^  photons  from  the  fracture  of 
materids  in  vacuum.  The  origin  of  electron  and  photon  emission  from  cohesive  fracture  is  best 
explained  in  terms  of  bond  breaking  phenomena  where  non-adiabatic  processes  involving 
fundamental  excitations  (e.g.,  excitons),  or  creation  and  recombination  of  point-like  defects  and 
charge  carriers  (electrons,  holes)  occur.  These  energy  releasing  processes  are  thus  initiated  by 
bond  breaking  through  the  creation  of  localized  departures  from  equilibrium.  For  polymeric 
systems,  the  likely  analogous  participants  are  ftee  radicals,  ionic  states,  and  electrons  all  generated 
by  bond  scissions  during  crack  growth.  Again,  recombination  provides  the  release  of  energy 
necessary  for  particle  or  photon  emission. 

We  have  propos^  a  simpler  model  for  systenss  involving  charge  separation  during 
fracture.  These  systems  include  piezoelectric  materials  and  a  wide  variety  of  composite  materials 
in  which  fracture  involves  inteifacial  failure  (filled  materials,  fiberAnaitrix  composites,  etc.).  The 
basic  features  of  this  model  as  they  relate  to  the  fracture  of  materials  in  vacuum  are  the  following; 

(a)  During  crack  propagation,  charge  separation  occurs  on  the  freshly  created  fracture 

surfaces. 

(b)  During  crack  propagation,  neutral  species  are  emitted  into  the  crack  tip  region,  producing  a 

region  of  elevated  pressure. 
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(c)  A  miciodischarge  thus  occurs  during  firactuie  yielding  charged  particles  (generally 
elections  and  posidve  ions)  as  well  as  photons  and  long  wavelength  elecuomagnetic 
radianon  (RE  for  ladiowave  emission). 

(d)  The  ficacture  surfaces  are  bombarded  by  the  discharge  products  during  fracture.  It  is  this 
homhairiment  which  provides  the  stimulation  cf  the  fracture  surfaces  and  yields  the  after- 
emission  from  the  fracture  suifrces. 

(e)  The  stadc  charge  on  the  fracture  surfaces  leads  to  acceleradcm  of  the  emitted  electrons, 
modifying  their  energy  distributions.  A  large  portion  of  the  EE  is  pulled  back  to  the 
surface  r^nilting  in  a  self-bombardment  process.  This  results  in  the  emission  of  positive 

and  negative  ions  and  excited  neutrals  via  electron  stimulated  desorption  (ESD).^ 

Different  types  of  phE  have  been  observed.  phE  can  occur  prior  to  fracture  in  a  number  of 
systems.  In  sonoe  cases,  this  light  is  due  to  microfracture  events  that  precede  failure.  In  single 
crystal  inorganics  there  is  evidence  that  moving  dislocations  can  generate  defects  which  recombine 
to  yield  light.  Following  fracture,  some  mater^  with  characteristic  decaying  signals, 
much  like  phosphorescence.  In  addition,  where  chtffge  separation  is  intense,  light  from 
fflioodisclurges  is  quite  evident  Typically,  these  events  yield  sharp  spectral  lines  characteristic 
of  the  gases  present  in  the  crack  tip. 

Nemral  emission  accompanying  fracture  has  two  ori^s:  a)  basically  "degassing"  from  a 
freshly  exposed  surface  of  gases  that  are  trapped  in  the  mate^  (within  voids,  grain  bouiklaiies, 
inclusions,  etc.)  and  b)  species  resulting  from  bond  scissions  (sometimes  referi^  to  as 
mecbanochemically  derived).  As  pointed  out  by  Grayson  and  Wolf,^  one  must  be  very  careful  in 
distinguishing  these  two  sources  of  gas.  Type  b)  emission  is  fundamentally  more  interesting  and 
intimately  related  to  the  energetics  of  fractin,  although  type  a)  emission  can  in  fact  be  useful  for 
chaiactoizing  the  failure  of  materials. 

hi  tl&  paper,  we  examine  the  firacto-emission  from  some  recent  studies  involving  several 
mflfgriflU  and  geometries  and  examine  some  of  the  telatioaships  between  these  emissions  and 
failure  mechanisms. 

EXPERIMENT 

Details  of  our  expenmental  arrangements  have  been  described  elsewhere.^  The  majority 
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of  the  experiments  shown  here  were  performed  in  vacuums  ranging  from  10  to  10  torr. 

During  straining  of  the  samples,  either  in  tensitxi,  3-point  bend,  or  in  a  peeling  geometry,  one  to 
three  types  of  emission  can  be  monitored  (e.g.,  elections,  positive  ions,  photons,  neutr^s,  and/or 
low-fri^uency  electromagnetic  radiation).  Qi^ed  particles  were  detect^  with  Galileo  Electro¬ 
optics  Corporation  Charmeltion  Electron  Multipliers  (CEM),  which  produce  fast  (10  ns)  pulses 
with  high  ^tection  efficiency  for  both  elections  and  positive  ions.  Background  noise  counts 
typically  ranged  from  1  to  10  counts/s.  The  detecttxs  were  positioned  within  a  centimeter  of  the 
sample,  with  proper  bias  voltage  on  the  front  cone  to  attract  the  charged  particles  of  interest.  It 
should  be  not^  Aat  in  studies  on  organic  polymers  we  have  shown  that  the  pimciple  particles 
detected  for  plus  and  minus  bias  on  die  CEM  front  cone  are  electrons  and  positive  ions, 
respectively. 

Photon  detectors  (e.g.,  Thom-EMI  9924QB)  were  mounted  inside  the  vacuum  system  or, 
when  used  in  air,  were  mount^  in  a  cooled  housing  which  greatly  reduces  the  background  noise 
level  (to  -5  counts/s). 

Low-frequency  electromagnetic  waves  (RE— for  radiowave  emission)  were  detected  with 
coil  anteiuias  placed  a  few  mm  fnm  the  sample.  Such  an  antenrui  couples  to  a  changing  B  field. 

It  should  be  emphasized  that  this  arrangement  detects  the  near-field  electromagnetic  "emission" 
because  of  the  close  proximity  of  the  coils  to  the  source.  A  simultaneous  burst  of  visible  photons 
coincident  with  the  observed  RE  burst  reinforces  tte  interpretation  that  these  signals  are  caused  by 
microdischarges. 

Neu^  particles  were  detected  with  a  quadiupole  mass  spectrometer,  generally  tuned  to  a 
single  mass  peak.  The  spectrometer  is  equipped  with  an  ionizer,  in  which  neutrals  are  ionized  by 
electron  impact  at  an  energy  of  70  eV.  The  resulting  charged  particles  are  mass  selected  as  they 
pass  through  a  region  of  alternating  electric  fields  and  are  then  detected  by  a  GEM.  Excited 
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neutrals  may  also  be  detected  by  Auger  de-excitadon  at  a  OEM  fiont  cone  surface  (creating  a 
detectaUe  electron)  or  sometimes  by  the  light  these  species  emit  (fluorescence)  provided  the 
relevant  lifetimes  are  sufficiently  short 

RESULTS  AND  DISCUSSION 


Figure  1  shows  the  striking  difference  (several  orders  of  magnitude)  in  intensity  and 
duratitm  of  the  EE  accoit^anying  £e  fiacture  of  an  epoxy  [bisphenoI-A/epichlorohydrin  resin  - 
Epon  828;  2MiGQrdener]  with  and  without  a  filler  material  consisting  (rf  small  (7  pm)  alumina 
particles.  (Note  that  most  of  the  data  presented  here  are  plotted  on  logarithmic  intensity  scales.) 
For  the  unfilled  material*  the  bulk  of  this  emission  is  attributed  to  bond  breaking  occurring  during 
fiacture  winch  ptothices  free  radicals  on  and  near  the  fiacture  surface  (similar  to  the  mechanical 

prodi^on  of  free  radicals  studied  by  DeVries^  in  other  polymers).  Sub^iient  recombination 
reactions  (e.g.,  radicals  +  electrons)  provide  discrete  transitions  which  yield  photons  (radiative 
transitions)  wd  electrons  (Auger-like  transitions),  bi  contrast,  the  fracnire  of  the  filled  material 
yields  intense  charge  separation  and  dius  much  more  intense  emission. 

Sui^)oning  the  idea  that  the  slow  decay  following  fracture  seen  in  the  election  emission 

^ _ ^1 _ _ •_  —  ^1 _ _ ^ _ j _ _ _ •_  ^  ^ _ _ _ 


heating  the  sur^n  approximately  50  C  in  a  few  seconds  immediafely  following  fracture  (at  the 
arrow)  with  a  heating  strip  attached  to  the  sample.  The  response  to  this  increase  in  temperature  is 
essentially  a  "glow  curve,"  similar  to  those  obtained  from  materials  following  exposure  to 
radiation. 


Fig.  1.  EE  plotted  for  both  unfilled  and  temperature  increase  began.  This  supports 

filled  (7  pm  alumina  particles)  Epon  828  the  concept  of  a  thermally  stimulated 

epoxy.  Several  orders  of  magnitude  process. 

difference  in  intensities  are  observed;  the 

larger  and  longer  lasting  emissions  occur 

when  interfaces  fail 
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Although  the  unfilled  material  results  in  intensities  several  orders  of  ma^tude  smaller, 
we  have  found  that  during  fracture,  we  obtain  very  easily  measured  and  interesting  curves.  We 
have  examined  a  number  of  unfilled  epoxies  using  fine  gold  wire  strips  to  measure  the  advancing 
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crack.  On  sub-microsecond  rime  scales,  we  have  shown*^  that  the  onset  of  EE,  PIE,  and  phE 
agrw  well  with  the  beginning  of  crack  morion  and  that  the  greatest  phE  intensities  are  observed 
during  crack  motion.  The  tail  observed  in  the  phE  cfier  fracture  is  actually  of  longer  duration  than 
indicated  here.  In  onier  to  prevent  saturation  of  the  photomultiplier  during  fracture  it  was 
necessary  to  reduce  the  gain  considerably,  thereby  losing  sensirivi^.  Duimg  relatively  constant 
average  crack  velocity  (approximately  400  m/s),  the  photon  emission  is  rapidly  fluctuating.  Fig. 

3  shows  a  typical  phE  an^litude  (I)  vs  rime  (t)  acquit  during  fracture  of  an  epoxy,  teoaglycidyl- 
4-4*-diaminodiphroylinethane  (TC^DM)  cu^  with  diaminodiphenyl  sulphone  (DDS).  We  have 
uulyzed  the  starisrira  of  these  I(t)  signals  in  lij^t  of  (no  pun  intended)  the  expected  fluctuations 
from  a  photomultiplier  and  found  that  all  of  the  larger  fluctuaritxis  were  well  outside  the  predicted 
noise.  Furthermore,  seve^  analyses  of  the  data  show^  that  these  fluctuations  are  non-stochastic, 
i.e.,  chaotic  in  their  behavior.  One  such  test  is  to  aem  the  I  vs  t  dain  as  a  basically  geometric 
object  (analogous  to  the  coastline  of  Spain)  and  to  measure  the  fractal  dimension  of  the  curve. 

This  measurement  yields  a  so-called  Fractal  Box  Dimensioni^  D^,  of  1.35  ±  0.03  which  can  be 
shown  m  agree  fairly  well  with  fractal  dimensions  of  these  data  determined  from  Fourier 
transform  methods.  The  noi-integral  value  of  Db  strongly  supports  the  notion  of  chaotic 
behavior. 

phE  Accompanying  Fracture  of  Epoxy 
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Fig.  3.  phE  measurement  made  during  fracture  of  neat  epoxy.  The  inset  shows  a  portion 
of  the  phE  data  on  an  expanded  time  s^e. 


We  also  determined  the  fractal  dimension  of  a  typical  epoxy  sample  by  using  the  slit  island 
method  described  by  Mandelbrot  et  aL  IQ  Photographs  of  the  island  structure  created  by  coating 
and  polishing  the  fracture  surfaces  were  analyzed  to  determine  the  fractal  dimension  of  the 
surface,  Dj.  The  results  of  this  study  yielded  Ds  =  2.32  ±  0.09  We  can  conclude,  therefore,  that 
the  epoxy  fractiro  surface  is  indeed  fli^taL  We  note  that  the  fractional  part  of  Db  (measuring  the 
photon  fluctuations)  aixi  Dj  (measuring  the  surface  toughness)  are  very  close  in  magnitude. 

The  roughness  of  many  fracture  surfaces,  including  those  which  may  be  described  as 
fractal,  is  most  easily  understood  as  the  result  of  crack  branching.  These  branches  represent 
fluctuations  in  the  process  of  crack  growth  which  appear  to  be  rejected  in  the  phE  accompanying 
fracture.  Attempts  to  model  the  process  of  crack  branching  in  brittle  solids  has  met  with  limited 
success.* **12  Ravi-(rhandar  and  Knauss  have  demonstrated  that  crack  branching  in  Hormalite 
100  involves  the  nuclearion,  interaction,  and  coalescence  of  microcracks  or  voick  in  the  process 
zone  of  an  advancing  crack.  *  *  This  branching  activity  may  be  responsible  for  the  fractal  nature  of 
many  fracture  surfaces,  as  well  as  for  the  relatively  slow  crack  j^wth  (relative  to  the  Rayleigh 
wave  speed)  observed  in  many  materials.  It  is  very  likely  that  similar  processes  occur  in  other 
brittle  materials  as  well. 
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If  crack  branching  is  responsible  for  the  rapid  fluctuations  in  phE,  one  might  expect  the 
firactal  dimension  of  the  pt£  data  to  be  simply  relat^  to  the  fractal  dimension  of  the  fracture 
surface.  This  would  be  most  plau^le  in  cases  of  "constant”  crack  velocity,  as  observed  in  much 
of  the  work  oi  Ravi-Chandar  and  Kmuiss.  Since  die  phE  data  is  one-dimensional  and  the  fracture 
surface  is  two-dimensionai,  the  proper  compaxistm  af^ie^  to  be  that  of  fractional  parts  of  the 
appropnaiB  fracod  dimension,  t^  is,  the  fractal  dime^on  increments.  These  fractal  dimension 
increments  observed  in  this  work  are  0.32  ±  0.09  for  the  fracture  surface  and  0.35  ±  0.03 
(average  from  all  the  methods)  for  the  phE  data,  suggesting  that  in  fact  there  exists  a  correlation. 
Further  evidence  for  such  a  connection  comes  from  current  studies  on  the  fracture  of  single  crystal 
MgO  where  both  the  phE  and  fractography  are  showing  very  low  fractal  dimension  increments 
due  to  the  cleav^  nature  (tf  the  fracture  ^g.,  large  smooth  areas). 

The  rapid  fluctuations  of  phE  during  the  fracture  of  many  materials  suggest  that 
detenrumstic  chaos  is  a  feature  of  the  phE  proce^  The  autocorrelation  function  and  conditional 
probability  distributions  are  consistent  with  this  initial  impression.  Fourier  transform  and  fractal 
box  dimension  analyses  show  the  phE  to  be  fractal  in  nature,  implying  chaos.  Tlie  soongest 
evidence  for  chaos  results  finm  an  analysis  of  the  correlation  dimension  of  the  attractor  associated 
with  the  epoxy  data.  A  clearly  non-integral  dimension  of  about  3.2  is  found. 

If  the  fluctuations  in  phE  during  fracture  are  due  to  the  fluctuations  in  crack  growth,  ph£ 
data  may  prove  useful  in  testing  models  of  dynamic  crack  growth  and  branching.  The  low 
dimensionality  of  die  underlying  ptxxess  suggests  that  rather  simple  models  of  crack  branching 
inay  yet  be  constructed.  Of  particular  interest  is  d»  nature  of  the  processes  occurring  in  the 
ptoc^  zone  of  the  advancing  crack  tip  and  how  they  are  influenced  by  pre-existing  defect 
distributions  and  other  perturbations  during  crack  growth.  Evidence  to  date  suggests  that  this 
process  is  not  merely  stochastic,  but  at  least  in  mamrials  like  the  epoxy,  chaotic.  This  chaos  may 
be  associated  with  significant  nonlinear,  dissipative  processes  per^ps  due  to  a  fractal  distribution 
of  defects  acting  as  nucleation  sites  for  voids  and  microcracks  in  the  process  zone.  Fractal 
structures  commonly  result  from  diffusion  and  aggregation.  The  fiacud  dimension  of  the  fracture 
surfaces  of  some  steels  is  a  function  of  annealing  temperature,  consistent  with  a  diffusion  or 
aggregation  mechanism  Of  considerable  importance,  however,  is  that  the  fracture  energy  of 
these  steels  and  several  brittle  coamics  have  been  shown  to  be  related  to  the  fractal  dimension  of 
the  resulting  surfaces. This  suggests  that  our  phE  measurements  reflect  rapid  variations  in 
the  bond  breaking  rate  as  the  crack  advances,  perhaps  due  to  fibril  fracture  and/or  crack 
branching,  and  thus  provide  energy  dissipation  information  on  a  nearly  instantaneous  time  scale. 
We  are  currently  making  measurements  and  analyses  of  phE  and  EE  produced  during  fracture  of 
an  alumina  tilled  epoxy,  where  the  emission  mechanisms  are  quite  different  We  preset  that  the 
fr^tal  dimension  of  the  phE  fluctuations  will  change,  perhaps  loosing  their  fractal  character 
altogether  (Le.  the  fluctuatitxis  may  be  merely  stochastic). 

Electron  Emission  from  Interolv  Failure  in  a  Composite 

A  study  underway  on  the  role  of  fiber  treatment  on  interply  failure  modes  in  graphite- 
epoxy  composites  utilizes  samples  loaded  in  a  double  cantilever  beam  configuration  as  shown  in 
Fig.  4a.  Unidirectional  compmites  were  made  from  Hercules  AU  (untreated)  and  AS4  (surface 
treated)  graphite  fibers.  Fibn  tows  were  impregnated  with  Epon  828  cured  with  m-phenylene 
diamine.  The  prepreg  was  cut  into  plies  and  compression  molded  with  16  plies  to  a  composite. 
Thin  teflon  strips  were  inserted  between  plies  8  and  9  prior  to  molding.  This  allowed  us  to  initiate 
an  interlaminar  crack  when  the  bar  was  loaded  as  shown. 

EE  measurements  show  at  least  2-3  cxders  of  magnitude  difference  in  intensity  between 
the  two  fiber  surfaces.  Typical  emission  curves  during  testing  are  shown  in  Figs.  4b  and  4c, 
where  the  untreated  (and  therefore  poOTly  bonded)  tibm  yield  the  intense  emission.  Here, 
fluctuations  in  intensity  are  correlated  with  jumps  in  the  crack  as  seen  by  both  drops  in  the  applied 
force  and  in  the  accompanying  acoustic  emission.  SEM  micrographs  of  the  fracture  surfaces 
reveal  inteifacial  failure  with  an  abundance  of  resin-free  fibers  in  ^e  AU  samples,  in  contrast  to 
extensive  cohesive  matrix  failure  associated  with  good  fiber-matrix  adhesion  in  the  AS4 
specimens.  Thus,  the  EE  intensities  correlate  strongly  with  the  extent  of  interfacial  failure 
occurring  in  this  type  of  test 
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Fractura  of  Grapliilo/Epoxy  Uniaxial  Spacimana 
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Fig.  4.  a)  Schematic  of  cantilever  beam 
sample  used  to  study  interply  failure  in 
uniaxial  carbon  fiber/epoxy  composites. 
Typical  EE  curves  for  b)  untreated  (poorly 
bonded)  and  c)  treated  (well  bonded) 
specimens. 
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Fig.  5.  a)  phE  from  an  E-glass  fiber/epoxy 
composite  in  which  the  fibers  debonded 
inside  the  epoxy  matrix,  and  b)  phE  from  a 
composite  sample  formed  with  a  single 
boron-carbon  filament  treated  with  a  release 
agent  and  embedded  in  an  epoxy  matrix.  The 
arrows  indicate  the  times  of  macroscopic 
matrix  failure. 


PhE  from  EmhaHdftd  Tnterfacf  s 

When  reinforcing  particles  or  fibers  are  placed  in  a  matrix  such  as  an  epoxy,  deformation 
frequendy  I'^ads  to  debotding  along  the  interface  between  the  two  dissimilar  materials.  When  this 
occurs  internally,  it  is  often  difficult  to  determine  when  and  where  this  occurs.  For  semi¬ 
transparent  matrices,  we  have  recently  been  able  to  obtain  ineasurements  of  photons  which 
originate  at  these  interfaces  and  escape  through  the  matrix  to  the  detector.  Because 
photomultipliers  function  in  air  as  well  as  vacuum,  we  are  able  to  perform  the  phE  experiments  in 
both  environments.  By  simultaneously  measuring  EE  (electrons-thus  r^uiring  vacuum),  we  can 
identify  any  failure  event  which  expo^  a  surface  to  the  outside  world,  i.e.,  a  crack  reaching  the 
outer  surface. 

Poorly  Bonded  Fibers  Embedded  in  Epoxv.  In  the  case  of  fiber  reinforced  epoxy,  a  poor 
bond  between  the  fibers  and  the  matrix  can  lead  to  pre-failure  emission.  Approximately  1(X) 
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E-giass  fiben  (10  pm  in  diameter)  were  embedded  in  Epon  828/Iessamine  Hardener  (which 
produces  a  clear,  flexible  epoxy)  and  strained  in  tension.  Figure  5a  is  the  phE  resulting  from 
internal  failure  of  fibers  and  subsequent  debonding.  The  arrow  indicates  the  time  of  ultimate 
failure  of  the  q)ecimen  (Le.,  when  the  entire  specimen  breaks).  Because  the  epoxy  is  semi¬ 
transparent  many  of  the  phocons  created  during  debonding  can  escape  and  be  detected.  These 
ejqpeiiments  were  perfinmed  in  air  since  there  is  no  need  to  protea  die  photomultiplier  fiom  a 
gaseous  environment  When  epoxy  compatible  sizing  coats  the  fibers,  greatly  enhancing  the 
fiberAnatrix  adhesion,  very  little  pl^  is  observed  befoe  failure,  even  though  fiber  fiacnne  has 
oconred.  To  fiirdier  test  this  observation,  we  embedded  a  sin^e  boron-carbon  filament  ( 1(X)  pm 
in  diameter)  into  the  same  matrix.  When  a  release  a^t  (silicone  oil)  was  ^lied  to  the  fiber 
before  embedding  it  in  the  resin,  debonding  was  ea^y  observed  under  a  microscope.  On  an 
identical  sample,  we  saw  the  photon  emission  shown  in  Fig.  5b,  where  again,  the  arrow  indicates 
when  the  epoxy  sample  fiactu^  Without  the  release  agent,  the  boron-carbon  filament  adhered 
very  well  to  the  epoxy,  and  no  pre-emission  was  observed.  In  terms  of  probing  the  failure 
mechanisms  of  composites,  this  type  of  study  may  be  of  considerable  value. 

Metal  Rod  Pull  Out  from  Epoxv.  Another  geometry  which  results  in  internal  interfacial 
failure  is  a  fiber  or  cylindrical  rod  partially  embedded  into  a  material  and  pulled  out  Depending 
on  the  ratio  of  the  fiber  or  tod  diarneter  to  the  embedded  depth,  the  matrix  will  either  usually  fail 
cohesively  or  the  tod  will  pull  out,  the  latter  occurring  iii  the  case  of  shallow  depths.  Atkinson,  si 
have  discussed  the  firacture  mechaiucs  of  this  problem  and  have  shown  that  debonding 
typically  starts  detachment  of  the  end  or  dp  of  the  rod.  This  is  generally  followed  by 
debondmg  fiom  the  sides  of  the  rod,  most  frequently  starting  fiom  the  uppa  surface  and  moving 
down  towards  the  tip. 

The  insert  in  Fig.6  shows  a  diagram  of  the  ocperiment  for  testing  the  pullout  of  a  metal 
(steel)  cylinder  out  of  "5-MinutB''  Epoxy,  the  latter  being  semi-transpaienL  The  resulting  ph£  (a), 
EE  (b),  and  applied  force  (c)  also  are  showiL  Note  that  the  phE  was  sustained  for  approximately 
2  s  before  the  drop  in  force  and  the  accompanying  rise  in  ER  These  last  two  events  correspond 
to  the  pullout  of  the  rod.  Pullout  produces  exposed  surfaces  capable  of  releasing  electrons  fiom 
the  sa^le.  Again,  the  pre-failure  emission  of  light  is  coming  fiom  inside  the  epoxy.  Tests 
stopped  prior  to  pullout  show  that  the  end  or  tip  of  the  tod  has  indeed  detached  (observed 
optically  by  means  of  interference  fringes  viewed  fimn  the  right-hand  side  of  the  diagram).  One 
important  question  is  the  presence  or  ^sence  of  debonding  dong  the  sides  of  the  rod  before 
puUouL  We  believe  this  can  be  determined  by  optical  methods  to  collea  photons  fiom  the  sides 
only  vs  the  tip  region  oily.  Also,  to  provide  more  detailed  inforrrution  on  the  sequence  of  failure 
events,  we  point  out  that  we  can  acquire  these  signals  at  considerably  faster  rates  (at  5  ns  intervals 
if  necessary).  Finally,  it  should  be  noted  that  in  these  experiments  the  rod  was  removed  from  the 
region  of  tte  detectors  soon  after  pullout ,  within  some  milliseconds.  Thus,  the  "tail"  observed  in 
both  the  phE  and  EE  is  coming  fiom  the  epoxy.  The  hole  left  behind  is  glowing  and  shooting  out 
electrons  lilm  a  "Roman  (handle". 


PhE  fiom  PeeUng  Pressure  Sensitive  Adhesives 

Several  workers  have  shown  that  during  the  peeling  of  pressure  sensitive  adhesives,  one 
observes  phE  and  long-wavelength  electromagnetic  r^ation  (I^).  We  have  shown  that  this 
emission  is  in  the  form  of  bursts,  and  have  motsured  the  time  distribution  of  the  ph£  bursts,  the 
time  and  intensity  correlations  of  the  phE  and  RE  bursts, the  optical  spectra  of  the  phE,^^  and 
the  spatial  distributions  (i.e.,  images)  of  the  phE  for  particular  adhesive/substrate  systems.^^^ 

The  production  of  radiation  during  ^  failure  of  an  adhesive  joint  was  previously 
observed  by  Deryagin  and  co-woikers,^  who  reported  that  such  failure  produces  light  and  radio- 
frequency  radiation  in  the  form  of  bursts.  (Dhara  etal.^  and  Klyuev  bave  published  low 
resolution  spectra  (acquired  by  use  of  filters)  on  considerably  different  poiymer/substrate 
combinations  (e.g.,  PVC  on  glass),  observing  that  the  most  intense  emission  is  in  the  region  of 
the  spectrum  below  490  nm.  This  is  consistent  with  gaseous  discharges  in  air. 
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Fig.  6.  a)  phE,  b)  EE,  and  c) 
lo^  force  accompanying  the 
loading  of  a  metal  rod  embedded 
in  epoxy.  The  phE  before  pullout 
is  due  to  intertacial  failure  inside 
the  epoxy. 


a  I  :  j  i 

Tiat 


Fig.  7.  Typical  spectrum  of  the 
light  emitted  when  3M  Filament 
Tape  is  peeled  from  its  own 
backing.  This  spectrum  is  not 
time  resolved;  therefore  it 
represents  an  integration  over 
time. 


TVMi  MmaUTCD  STCCmUM 
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Spectral  Characteristics  of  the  liyhL  We  have  obtained  time  averaged  spectra  of  the  ph£ 
during  peeling  of  3M  Filament  Tape  from  its  own  backing,  oat  of  which  is  shown  in  Fig.  7  over 
the  wavelengA  interval  where  disocmible  features  can  be  distinguished  from  the  noise.  This 
spectrum,  which  contains  photons  produced  both  during  the  discharges  and  afterward,  fails  in  the 
interval  300-440  nm  and  ctnsists  of  discrete  lines.  When  compared  with  die  characteristic 
gaseous  dischai^  emissions  of  N2,  Ch,  CO2.  and  other  atmospheric  gases,  we  found  that  each  of 
the  lines  in  the  p^-induced  qiectnim  corresponds  to  a  N2  spectral  line.  The  transitions  observed 

are  the  strong  features  of  the  triple-headed  band^  involving  the  N2  electronic  transition;  B 
C  ^ic.  The  individual  lines  ccxrespond  to  various  vibrational  states  within  each  of  these  electronic 
levels.  The  fall-off  in  intensity  towards  die  shorter  wavelengths  seen  in  sevend  of  the  spectral 
lines  is  due  to  rotational  fine  structure.  No  evidrace  of  broadband  emission  characteristic  of 
fluorescence  from  polymers  is  observed. 

We  have  dir^doped  methods''ll  to  produce  autographs  of  the  peel  event  by  placing  the 
tape  direedy  on  Polaroid  film  or  by  using  fiba  qitics  to  bring  the  li^t  to  the  film, .  Once  the  peel 
has  occurred,  the  film  can  be  developed  in  the  usual  fashion  to  obtm  spatial  distributions  of  the 
bursts  of  light  Fig.  8  displays  auto^aphs  of  this  light  taken  on  Polaroid  film  for  both  3M 
Filament  Tape  and  3M  Magic  tape.  Tlw  images  show  ctmsiderable  spatial  fine  structure  due  to 
ve^  localized,  intense  events  and  effects  such  as  the  stick-slip  phenomenon.  There  is  also 
evi^nce  that  accompanying  bursts  are  occurring  along  the  peel  zone.  In  addition,  we  have 
shown  that  the  micromechaucs  of  the  peel  strongly  iiSuence  the  position,  frequency,  and  size  of 
the  ph£  bursts  seen  on  the  film.^>2l 


Fig.  8.  Autographs  of  the  phE  produced  by  peeling  pressure  sensitive  tapes  directly  from  the 
emulsion  of  Polaroid  film  (see  refs.  20, 22).  Relatively  fast  peels  of  a)  3M  Magic  Tape  and  b) 
3M  Filament  Tape. 
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We  therefofe  have  further  evidence  of  intense  char^  separation  produced  on  fracture 
surfaces  dining  adhesive  failure  leading  to  microdischarges  in  the  region  of  the  crack  dp.  This 
charge  separation  is  due  to  the  rapid  separation  of  two  dissunilar  poiytnm  at  the  crack  dp  during 
the  iweL  Hie  remldng  micro-discharges  are  responsible  for  the  prothicdon  of  electromagnedc 
bursts  (RE)  and  the  accompanying,  initial  "spikes"  of  phE  which  are  extremely  rapid  and  have 
decay  times  of  less  than  50  ns.  In  terms  of  count  rate,  the  peak  phE  can  exceed  10^^  photons/s. 
The  onset  crifphE  and  RE  ate  in  coincidence  to  within  100  ns  (this  number  appears  to  be  limited 
by  the  dme  constant  of  the  antenna  circuit)  and  ate  conelaied  in  size.  Following  this  initial  burst, 
dme-cmelated  bursts  can  occur  in  the  next  few  micros^xids  with  decaying  fri^uency  and 
ampiitiirig-  Tliese  Secondary  "strikes”  are  most  likely  occurring  along  the  peel  zone  arid  are 
triggered  by  the  release  of  secondary  charges  from  the  irddal  discharge.  Imaging  of  these  photons 
show  ccmsideraUe  detail,  including  large  bursts  and  many  smaller  features.  We  also  see  a  spadal 
dependence  on  factors  such  as  peel  speed,  peel  angle,  and  preoeatment  of  the  intetface.^'^l 

A  number  of  RE  wd  phE  charactoistics  should  be  similar  to  the  characteristics  of  EE  and 
PIE  which  are  necessarily  observed  in  vacuum.  We  ate  curtendy  measuring  the  phE  and  RE  for 
the  same  peeling  system  in  vacuum  and  ate  observing  interesting  changes  due  to  lower  pressures 
at  die  crack  dp,  including  a  factor  of  10  increase  in  intensity.  Oiv  major  goals  are  to  further 
characterize  th^  emissions,  determining  the  emission  mechanisms  in  more  detail,  and  relating 
the  characteristics  of  fracto-emission  to  the  details  of  failure  (see,  for  example,  reference  21).  As 
detectors  and  spectrometers  become  mote  sensitive,  {diE  offers  contiderable  promise  as  a  tool  for 
determining  failure  mechanisms  involving  interfaces. 


The  metal-oxide-semiconductor  (MOS)  thin  film  system  is  of  great  importance  in  modem 
electronics  and  other  areas  of  high  technology.  An  understanding  of  inteafacial  properties  under  a 
wide  range  of  conditions  is  ctiti^.  In  a  number  of  circumstances,  the  mechanical  properties  of 
the  interface  ate  of  key  importance.  Interfacial  failure  can  occur  as  a  consequence  of  several 
factors  including  mechanic  and  thermal  stress.  We  are  interested  in  the  role  of  the  oxide  on  the 
adhesive  strength  of  a  ^Id  film  and  on  the  fracto-emission  properties  during  adhesive  failure. 

We  know  tiiat  in  general,  insulators  have  long  exci^  state  lifetimes  and  {xoduce  the  most 
intense  FE,  whereas  clean  metals  produce  no  FE.  Silicon  has  recently  botn  shown  to  also 
produce  some  electron  emissioa  during  fracture,  althou^  the  dominant  excitation  is  the 
production  of  free  charge  carriers.  Here,  we  report  observations  of  EE  and  ph£  resulting  from 
the  peeling  of  a  gold  thm  film  fimn  an  oxidized  silicon  surfrux.  The  thickness  of  the  oxide  plays  a 
critical  rote  in  the  emission,  suggesting  that  the  lifetime  of  the  surface  excitations  (on  the  oxide) 
associated  with  FE  ate  influenced  by  the  Si  substrate.  Also,  the  resistivity  of  the  oxide  may 
prevent  the  discharging  of  the  surface  on  short  time  scales. 

The  samples  used  in  this  stutfy  were  cut  fiom  commercial  boron  doped  (1 1 1)  Si  wafers 
obtained  from  S.E.R  America,  Inc.  One  surface  was  polished  and  the  resistivity  of  the  bulk 

material  was  between  10  and  20  O-cm.  After  an  HF  acid  etch,  the  wafers  were  divided  into  two 
groups.  One  was  heated  to  1(XX)  C  in  atmosphere  to  form  a  thermally  grown  oxide  layer.  Typical 
oxide  thicknesses  ranged  from  500  to  1200  A  as  roughly  determined  from  the  color  of  the  w^er 
in  white  light  The  ocher  group  was  not  deliberately  oxidized  after  the  HF  etch.  However,  these 
surfaces  have  a  native  oxide  with  a  thickness  of  about  20  A.  All  of  the  samples  were  coated  on 
the  polished  side  with  a  vapor  deposited  gold  layer  about  50  nm  thick.  The  deposition  was  done 
in  an  ion  pumped  vacuum  system  at  a  pressure  of  10^  torr. 

The  txuic  experiment  consisted  of  pulling  (peeling)  the  Au  film  from  the  clean  and  oxide 
covered  Si  surfaces  in  vacuum  while  monitoring  both  the  EE  and  ph£  simultaneously.  The 
samples  were  held  by  an  aluminum  holder  epoxied  to  the  unpolished  and  uncoated  side  of  the 
samples,  and  an  small  region  of  Au  film  (0.25  to  0.5  cm^)  was  loaded  in  tension  by  pulling  on  a 
metal  pin  embedded  in  an  epoxy  drop  on  the  Au  coated  surface.  The  pulling  pin  was  load^  in 
tension  using  a  polymer  monofilament  line  to  avoid  torsional  stresses.  This  arrangement  also 
ensured  that  the  peeled  Au  film  was  quickly  removed  from  the  detection  region  ato  fracture,  so 
that  all  the  subs^uent  emission  was  from  the  surface  of  the  oxidized  Si  only.  A  load  cell  attached 
to  the  sample  mount  measured  the  applied  force  versus  time  and  the  critical  stress  at  failure.  A 
Chaiuieltron  electron  multiplier  and  a  photomultiplier  tube  were  placed  on  opposite  sides  for 
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simultaneous  EE  and  phE  detection.  The  data  were  recorded  at  2  ms  intervals  for  about  8  s. 
About  50  samples  of  each  type  (thick  and  thin  oxide)  were  tested. 

When  the  experiments  were  perfoimed,  the  EE,  phE  and  the  maximum  force  (force  at 
failure),  Fmt  were  found  to  vary  over  a  wide  range  for  each  type  of  sample.  This  is  undoubtedly 
due  to  the  sensitivity  of  this  type  of  test  to  the  frKtuxe  mechanics.  Thus,  although  the  adhesive 
forces  may  be  quite  unifonn,  &e  value  of  Fm  depends  critically  on  the  flaws  and  stress 
ctmcentiatioas  at  the  edges  of  the  epoxy  pad  Nevertheless,  the  significant  trends  were  found 


Fig.  9.  a)  phE,  b)  EE,  and  c)  load  force 
during  the  i^l  of  an  Au  film  from  an  Au- 
Si02-Si  structure  with  only  a  thin,  native 
oxide  layer. 


TIat  III 

Fig.  10.  a)  phE,  b)  EE,  and  c)  load  force 
during  the  peel  of  an  Au  film  ^m  an  Au* 
SiOi-Si  structure  with  a  thermally  grown 
oxide  layer  about  10(X)  A  thick. 
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Au  peel  from  thin  oxide  on  Si.  Hgure  9  shows  the  electron  and  photon  emission  from  a 
sample  of  Au  on  Si  with  only  the  native  oxide.  The  time  and  force  at  fiacture  are  indicaigyj  ^  the 
load  curve,  Hg.  9c.  The  force  required  to  peel  the  Au  film  was  about  26  N  in  this  case  which 
was  tjqrical  of  these  samples  aldxKigh  some  samples  were  found  to  exceed  the  strength  of  the 
mormfilament  line.  Both  the  EE  and  phE  signals  show  a  peak  of  emission  immediately  upon 
firacture.  Hie  peak  electron  intensity  of  about  10^  counts  per  channel  is  about  25  times  higher 
thanthepe^phEduetotherelativecoUectionefficiency  of  these  detectors.  The  widdi  of  the 
main  pei^  is  only  one  or  two  channels  (2  to  4  miliiseconds)  consistent  with  emission  limited  to 
the  dination  of  fracture.  A  weak  tail  in  the  EE  remains  above  the  background  level  for  a  few 
seconds  after  fiacture.  The  corresponding  tail  in  the  phE,  if  it  exists,  is  obscured  by  the  relatively 
high  background  level  of  the  phoc^uldplier  tube. 

Au  ped  ftoni  OinriiMri  Si  The  EE,  phE  and  foTO  data  foT  a  Sample  with  an  oxide 
thickness  of  about  1000  A  are  shown  in  Hgure  10.  Again,  emission  begins  immediately  at 
fracture  with  a  rise  time  of  only  one  chann^  However,  the  load  at  fiacture  was  much  smaller  for 
these  ^ck  oxides,  typically  2  N.  Both  EE  and  phE  decay  exponentially  over  the  next  10  to  12 
ms.  Since  the  force  is  neariy  10  times  smaller  than  fn^  ttie  thin  oxide  samples,  the  rate  of  Au 
pcwling  vnll  be  coirespondingly  slower.  Thi^  the  initial  burst  of  emission  again  is  associated 
with  emission  during  fiacture.  After  the  initial  burst,  there  is  an  intense,  slowly  decaying  EE  tail 
persisting  for  several  seconds.  This  signal  continued  well  beyond  the  data  collection  time  for  the 
sample  stown.  EE  fiom  the  thickest  oxides  continued  for  over  a  minuie.  The  phE  of  Hg.  10 
also  ^dnues  for  at  least  a  few  seconds,  and  the  subsequent  integrated  emission  intensity  also 
remains  higher  than  prefiactute  levels  for  some  dme.  We  believe  that  the  close  agreement  of  these 
two  curves  suggests  a  similar  mechanism  for  both  EE  and  phE.  The  better  signal  to  noise  ratio 
for  the  EE  provides  much  more  information  atout  the  emission  taiL 

Tire  thickness  of  the  oxide  layer  plays  a  critical  role  in  the  emission  behavior  both  during 
and  following  failure.  As  in  the  systems  discussed  ^ve,  charge  separation  on  the  newly  created 
surfaces  can  lead  to  electrical  bre^tdown.  The  chaige  separation  occurring  in  t^  MOS  system  is 
directly  related  to  the  electronic  states  induced  by  contacL  A  simpl^ed  charge  density  vs  position 
diagram  of  the  MOS  structure  is  shown  in  Hg.  1 1.  We  assume  that  the  locus  of  fiacture  is 
between  the  Au  film  and  the  oxide  layer,  resulting  in  a  negative  charge  on  the  metal  and  a  positive 
ch^e  on  the  oxide  surface.  Electrometer  measurements  made  during  fiacture  confirm  the 
existence  of  these  pardcular  charges.  The  Au  and  the  Si  act  as  oppositely  charged  capacitive 
pUues  which  suppm  less  charge  as  they  are  separated.  This  may  produce  the  observed 
microdischarges  and  consequently  the  EE  and  phE.  Such  discharges  would  depend  exponentially 
on  the  separation  of  the  two  plates  as  the  observed  emission  decay  suggests. 


Charge  Density  vs  Position 

Au  Si02  Si 


Fig.  1 1.  A  schematic  plot  of  the  charge  density  across  an  Au-Si02-Si  structure. 
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Likewise,  the  increased  separadon  of  the  Au  and  Si  surfaces  due  to  the  presence  of  a  thick 
oxide  layer  reduces  the  capacitance  of  this  system  and  may  be  partly  responsible  for  the  reduction 
of  the  critical  force  at  failure  with  oxide  thidmess.  Otherwise,  one  might  expect  the  adhesive 
strength  of  the  Au  on  the  native  oxide  and  the  thick  oxide  to  be  roughly  the  same.  However,  this 
was  not  observed. 

The  EE  and  phE  after-emission  occurs  well  after  the  Au  film  is  out  of  the  interaction 
region.  This  rules  out  small  arcs  or  microdischarges  between  surfaces  as  a  source  of  this 
emission.  However,  excited  states  and  surface  defects  will  remain  on  the  oxide.  On  a  thin  oxide, 
the  nearby  conductive  Si  substrate  will  allow  the  surface  excitations  to  dissipate  rapidly.  On 
thicker  films,  the  excited  states  will  have  longer  lifetimes  due  to  the  decreas^  interaction  with  the 
substrate.  In  addition,  the  thicker  oxides  will  supp<»t  a  greater  number  of  defects.  The  relaxation 
or  annealing  of  these  defects  can  then  provide  ene^  for  promoting  an  electron  into  the  vacuum 
or  fw  photon  emission.  The  combination  of  increased  defect  densities  and  longer  excitation 
lifetimes  could  produce  the  dramatic  increases  in  emission  noted  for  the  thick  oxide  layers. 

If  the  emission  during  fiacture  were  to  resUt  from  bond  breaking  or  localized  heating,  the 
FE  intensity  should  strongly  depend  on  the  force  of  fracture.  However,  the  observed 
entission  increases  with  oxide  thickness  but  inversely  with  the  strength  of  the  film.  This  suggests 
that  processes  such  as  charge  separation  or  increased  excited  state  lifetimes  are  critical  to  the 
increased  emission.  For  thm  or  no  oxide  surfaces  the  excitations  are  dissipated  too  rapidly  to 
result  in  significant  emission. 

CONCLUSIONS 

The  use  of  FE  signals  accompanying  the  deformation  and  fracture  of  filled  and  unfilled 
polymers,  adhesive  and  composite  systems  ^ten  allow  details  of  failure  mechaiusms  and  fracture 
phmomena  to  be  obtained.  Information  provided  by  FE  may  potentially  assist  in  the 
interpretation  data  provided  by  other  probes  such  as  acoustic  emission,  as  well  as  providing  an 
ind^ndent  probe  of  micro-events  occurring  prior  to  failure.  For  instance,  we  have  shown  that 
FE  is  sensitive  to  the  locus  of  failure  in  several  cranposite  materials.  For  a  given  material  and 
mode  of  fracture,  FE  during  fiacture  often  reflects  the  instantaneous  rate  of  energy  dissipation. 
Our  goal  is  to  continue  to  smdy  FE  mechanisms  and  to  apply  FE  methods  to  the  smdy  of  the  early 
stages  of  fracture  and  failure  modes  in  a  variety  of  materials. 
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